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Abstract
Imaging with THz radiation at nanoscale resolution is highly desirable for specific
material investigations that cannot be obtained in other parts of the electromagnetic
spectrum. Nevertheless, classical free-space focusing of THz waves is limited to a
>100 µm spatial resolution, due to the di↵raction limit. However, the scattering-
type scanning near-field optical microscopy (s-SNOM) promises to break this di↵rac-
tion barrier. In this work, the realization of s-SNOM and spectroscopy for the THz
spectral region from 30–300 µm (1–10 THz) is presented.
This has been accomplished by using two inherently di↵erent radiation sources at
distinct experimental setups: A femtosecond laser driven photoconductive antenna,
emitting pulsed broadband THz radiation from 0.2–2 THz and a free-electron laser
(FEL) as narrow-band high-intensity source, tunable from 1.3–10 THz.
With the photoconductive antenna system, it was demonstrated for the first time
that near-field spectroscopy using broadband THz-pulses, is achievable. Hereby, Ter-
ahertz time-domain spectroscopy with a mechanical delay stage (THz-TDS) was re-
alized to obtain spectroscopic s-SNOM information, with an additional asynchronous
optical sampling (ASOPS) option for rapid far-field measurements. The near-field
spectral capabilities of the microscope are demonstrated with measurements on gold
and on variably doped silicon samples. Here it was shown that the spectral response
follows the theoretical prediction according to the Drude and the dipole model.
While the broadband THz-TDS based s-SNOM in principle allows for the parallel
recording of the full spectral response, the weak average power of the THz source
ultimately limits the technique to optically investigate selected sample locations
only.
Therefore, for true THz near-field imaging, a FEL as a high-intensity narrow-
band but highly-tunable THz source in combination with the s-SNOM technique,
has been explored. Here, the characteristic near-field signatures at wavelengths from
35–230 µm are shown. Moreover, the realization of material sensitive THz near-field
imaging is demonstrated by optically resolving, a structured gold rod with a reso-
lution of up to 60 nm at 98 µm wavelength. Not only can the gold be distinguished
from the silica substrate but moreover parts of the structure have been identified
to be residual resin from the fabrication process. Furthermore, in order to explore
the resolution capabilities of the technique, the near-fields of patterned gold nano-
structures (Fischer pattern) were imaged with a 50 nm resolution at wavelengths
up to 230 µm (1.2 THz). Finally, the imaging of a topography-independent optical
material contrast of embedded organic structures, at exemplary 150 µm wavelength
is shown, thereby demonstrating that the recorded near-field signal alone allows us
to identify materials on the nanometer scale.
The ability to measure spectroscopic images by THz-s-SNOM, will be of bene-
fit to fundamental research into nanoscale composites, nano-structured conductiv-
ity phenomena and metamaterials, and furthermore will enable applications in the
chemical and electronics industries.
ii
Kurzfassung
Die Bildgebung mit THz Strahlung im Nanobereich ist ho¨chst wu¨nschens-wert fu¨r
genaue Materialuntersuchungen, welche nicht in anderen Spektralbereichen durch-
gefu¨hrt werden kann. Aufgrund des Beugungslimits ist kann jedoch mit klassischen
Methoden keine bessere Auflo¨sung als etwa 100 µm fu¨r THz-Strahlung erreicht wer-
den. Die Methode der Streulicht-Nahfeldmikroskopie (s-SNOM) verspricht jedoch
dieses Beugungslimit zu durchbrechen.
In der vorliegenden Arbeit wird die Realisierung der Nahfeld-Mikroskopie und
Spektroskopie im THz-Spektralbereich von 30–1500 µm (0.2–10 THz) pra¨sentiert.
Dies wurde mittels zweier grundsa¨tzlich unterschiedlichen Strahlungsquellen an se-
paraten Experimentaufbauten erreicht: Einer photoleitenden Antenne welche ge-
pulste breitbandige THz-Strahlung von 0.2–2 THz emittiert, sowie einem Freie-
Elektronen Laser (FEL) als schmalbandige hochleistungs Quelle, durchstimmbar
von 1.3–10 THz.
Mit dem photoleitenden Antennensystem konnte zum ersten mal demonstriert
werden, dass mit breitbandigen THz-Pulsen Nahfeldspektroskopie mo¨glich ist. Da-
zu wurde die u¨bliche THz-Time-Domain-Spektroskopie (THz-TDS) zur Erhaltung
der spektroskopischen s-SNOM Informationen, sowie asynchrones optisches Abtas-
ten (ASOPS) fu¨r schnelle Fernfeld Spektroskopie eingesetzt. Die nahfeldspektrosko-
pischen Fa¨higkeiten des Mikroskops wurden anhand von Messungen an Gold sowie
unterschiedlich dotierten Siliziumproben demonstriert. Dabei konnte gezeigt werden,
dass die spektrale Antwort den theoretischen Voraussagen des Drude- sowie Dipol
Modells folgt. Wa¨hrend das breitband THz-TDS basierte s-SNOM spektroskopische
Nahfelduntersuchungen zula¨sst, limitiert jedoch die schwache Ausgangsleistung der
THz-quelle diese Technik insofern, dass praktisch nur Punktspektroskopie an ausge-
suchten Probenstellen mo¨glich ist. Fu¨r echte nanoskopische Nahfeldbildgebung wur-
de daher ein FEL als durchstimmbare hochleistungs THz-Quelle in Kombination
mit der s-SNOM-Technik erforscht. Hierzu wurden die charakteristischen Nahfeld-
Signaturen bei Wellenla¨ngen von 35–230 µm untersucht, gefolgt von die Verwirk-
lichung materialsensitiver THz Nahfeldbildgebung gezeigt an Goldstreifen mit bis
zu 60 nm Auflo¨sung. Dabei kann nicht nur das Gold von dem Glassubstrat unter-
schieden werden, sondern auch Ablagerungen als u¨berreste des Fabrikationsprozesses
identifiziert werden. Um die Grenzen der Auflo¨sungsmo¨glichkeiten dieser Technik zu
sondieren, wurden weiterhin die Nahfelder von gemusterten Gold-Nanostrukturen
(Fischer-Pattern) bei Wellenla¨ngen bis zu 230 µm (1.2 THz) abgebildet. Hierbei
wurde eine Auflo¨sung von 50 nm festgestellt. Schliesslich konnte der topographie-
unabha¨ngige Materialkontrast von eingebetteten organischen Strukturen, exempla-
risch bei 150 µm Wellenla¨nge, gezeigt werden.
Die Fa¨higkeit, spektroskopische Aufnahmen mittels der THZ-s-SNOM Technik
zu erzeugen, wird der Grundlagenforschung und in der Nanotechnologie zu Gute
kommen, und weiterhin Anwendungen in der Chemischen- und Halbleiterindustrie
ermo¨glichen.
iii
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Part I
Introduction and Fundamentals

1 Introduction
The observation of matter by means of optical methods can be considered as
one of the most fundamental concepts in analytical physics. Beginning with the eye
as principal means of perception for higher developed species, it allows for a fast,
specific, and non-invasive way to gather information about our surrounding. Its use
literally reaches back to the origin of mankind.
Whereas the eye is optimized for the natures main source of illumination, the
sun, human vision covers only a small fraction of the available electromagnetic spec-
trum1. What is perceived is the result of the interaction of electromagnetic radiation
with the atoms/molecules of objects, which ultimately allows the observer to gain
knowledge about the identity or state of matter. Eventually, people (physicists) have
researched methods and theories to exploit more and more of the electromagnetic
spectrum, allowing us to learn about the nature of our world, resulting in the scien-
tific field of spectroscopic analysis. The outer limits of the exploitable spectrum now
reach from high-energy gamma radiation down to radio waves. However, a certain
section of the spectrum has only recently been accessible. Beyond the possibilities
of optical or electronic means of technology and situated between 0.1–10 THz, this
region was long called the THz gap. To advance the optical techniques in this novel
THz regime shall be one main aspect of this work.
But not only the borders of our spectral perception have been vastly expanded.
More detailed analysis of our surroundings asked for more capable means than our
eyes. Optical techniques have been invented, enabling us to extend the capabilities
of our vision. Telescopic instruments allow us to gather information about objects
extremely far away, reaching far beyond our galaxy, granting us the possibility to
learn about the origin of nature. On the other hand, microscopic instruments allow
for the observation and understanding of the details in our close vicinity. With the
progress of technology, these ”small” things grow to even greater importance. Being
on the advent of the nanotechnology age, we use, even carry, devices with us that
rely on micro- and nanoscopically fabricated structures of sizes less than 20 nm.
1Actually, it is quite intriguing why human vision has not evolved to sense infrared (IR) or
xxx ultra violet(UV) radiation. Indeed some cave-dwelling snakes have shown to use body-
xxx emitted IR-radiation to localize their prey (bats) and bees can perceive UV radiation.
xxxxEvolutionarily more important was doubtless the capability to operate e ciently in daylight
xxx (no need for infrared vision) and to specialize on the dyes of nature (molecules specifically
xxx designed to resonate, as i.e. the leaf-green chlorophyll). Whereas for IR-sensitivity, the capabil-
xxx ity of the skin to provide a vague signal to warn for excessive heat, proved su cient.
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The detailed optical studies of such structures, however, are restrained by fun-
damental physics, namely the di↵raction limit which links the achievable resolution
to the wavelength of the radiation used [2]. For the visible regime, the classical
optical instrument to observe the smallest thing is the microscope (from the ancient
Greek: µ◆⇢o´&, mikros, ”small” and  o´⇡✏˜ı⌫, skope˜ın, ”to look” or ”see”). Here, the
achievable resolution ultimately peaks around 10 6 m, giving the name to this scale:
the micrometer range. This limitation amplifies for larger wavelengths such as in
the THz spectral region. Observations at e.g. 1 THz will result in smallest spot
sizes of about 1 mm.
The importance to advance microscopy technologies to sub-wavelength capabil-
ities was acknowledged with the Nobel Prize for chemistry in 2014 for Hell, Betzig
and Moerner ”for the development of super-resolved fluorescence microscopy” [3].
Betzig additionally laid a foundation for the scanning near-field optical microscope
(s-SNOM) in 1991 [4]. This microscopy method circumvents the di↵raction limit by
introducing a scanning probe as confined, local light source. So far, this technique
has been successfully advanced and applied in the visible to the mid-infrared wave-
length regime, as well as in the microwave regime. However, only of very limited
success in the THz, with the exception of single wavelengths [5]. The combination of
the near-field technique with THz optics with the possibility for nanoscale analysis
will open the door to a new field of scientific research. In this work, the combination
of THz-spectroscopy and nanoscopic near-field microscopy to a THz-s-SNOM was
realized and examined. In order to accomplish this, two inherently di↵ering THz
sources in combination with individual s-SNOM setups will be used.
This work is structured in three parts: An introduction to THz technology and
near-field optics will be given in part 1, broadband THz near-field time-domain spec-
troscopy (TDS) will be discussed in part 2, while nanoscopic THz near-field imaging
using a FEL is presented in part 3 of this work. Beginning with a historical and
technical introduction to the THz regime and its physical phenomena in chapter 1,
the fundamentals of THz optics and spectroscopy are discussed in chapter 2 together
with an introduction to THz emission and detection concepts. Chapter 3 details the
basics of scattering-type scanning near-field optical microscopy. In part two, which
covers the broadband THz-s-SNOM, the spectroscopic setup is described in chap-
ter 4. The first THz-near-field signatures at 1 THz and broadband near-field spectra
from 0.2–2 THz of gold and di↵erently doped silicon are presented and discussed in
chapter 5. Actual, imaging THz near-field microscopy using a FEL is presented in
part three of this work, starting with the description of the FEL-setup in chapter 6.
Moreover, near-field signatures from 30–230 µm and high resolution imaging capa-
bilities are discussed in chapter 7, along with results on nanostructures and material
sensitive imaging.
In conclusion, this work demonstrates that on the one hand, with broadband
THz-pulses, near-field spectroscopy is achievable [6], and on the other hand imaging
at 50 nm resolution with  /4600 is possible using a FEL.
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1.1 A Historical and a Technical Approach to the
THz Regime
Historically, for optical physicists, the THz region also is known as “far–infrared”
since it is located next to the long wavelength border of infrared radiation. Actually,
in the book ”Magiae Naturalis” by della Porta [7] it is described how heat and cold
can be focused with a concave mirror. This can be named as the first published
experiments using infrared radiation. Although this happened in 1589 it was not
until the late nineteenth century that infrared experiments moved towards to the
THz regime. Heinrich Rubens 1893 ”refraction of rays of great wavelength in rock
salt, sylvine and fluorite” [8] is presumably the first significant publication on longer
wavelength radiation. Subsequent Rubens and Nichols were able to detect narrow
band reflections (Reststrahlen) from ionic crystals in the far-infrared spectral range.
In 1900 Rubens, using the Reststrahlen spectrometer, obtained very accurate data
that actually enabled Max Planck to formulate the equation that is now called
Planck’s radiation law.
A rather technical description for the “THz region” is defined for that part of
the electromagnetic spectrum, which is situated between the infrared and the mi-
crowave range, the region spanning from 1 THz, which represents about the highest
producible frequencies with radio technology, to about 30 THz (10 µm), the largest
wavelength of general available lasers. Because of the lack of established technology
in this region, it has also been named the “THz gap”.
Actually the definition of the terahertz region borders are blurry and are not
coherently defined. For example the THz pulse community commonly referred to
it as the wavelength range between 100–1000 µm (0.3–3 THz). In this thesis, it is
referred to the THz range as the spectral range from 300–30 µm (1–10 THz). An
extended conversion table is found in the Appendix (A.1).
The exploration of the infrared range was stimulated in the mid of the last century
by the development of new spectroscopic techniques. In particular the introduction
of Fourier-transform spectroscopy o↵ered the possibility to record the infrared spec-
tra of solids, liquids or gases even down to frequencies in the far–infrared, although
with an extensive technical e↵ort including Liquid Helium (LHe) cooled bolometers
Figure 1.1: Visualization of the electromagnetic spectrum from the UV to the
radio regime, embracing the so called “THz–gap” (1 THz to 10 THz) accessible
by neither classic optical nor radio technologies.
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to be used as detectors. Nevertheless it is in principle possible to record data below
1 THz.
However, due to the increasing experimental di culties of this technique at such
low frequencies only few data were published in the frequency range below approxi-
mately 6 THz. The introduction of terahertz time-domain spectroscopy with a me-
chanical delay stage (THz-TDS) in 1988 [9], based on the generation and detection
of sub–picosecond terahertz pulses, has found widespread use as a simple and versa-
tile experiment technique. In section 2.2.3 this technique is introduced accompanied
by spectral experiments and as basis for a THz near-field microscope. Furthermore,
an advancement to this technique is presented, which is now known as asynchronous
optical sampling (ASOPS) which greatly increases the spectral recording speed and
at the same time eliminates mechanical parts in the optical setup, a great bene-
fit for the combination with highly vibration sensitive experiments as atomic force
microscopy.
1.2 Physical Phenomena in the THz Regime
THz radiation is a powerful probe to examine physical phenomena in a decidedly
broad range of matter, from organic materials as proteins, ionic crystals, carbohy-
drates and chemical compounds to electronic materials such as semiconductors or
novel materials as carbon nanotubes and superconductors.
• In crystalline solids the phonon energies, cyclotron energies and the energy
levels of bound states in quantum wells all lie typically in the THz region [10].
• Shallow impurities in semiconductors, although no novel field of research, are
of ongoing interest. For example, the P donor in Si has been proposed by Kane
as the basis of a quantum computer [11]. Here the lowest energy hydrogenic
transition, 1s! 2p0 , occurs at 8.2 THz.
• Confined levels in semiconductor heterostructures result also in transition en-
ergies in the THz. The energy of the nth allowed state of a particle of mass
m confined to a region of length a is En =
h2n2
8ma2 , where h is Planck’s con-
stant. If one considers an electron of e↵ective mass m⇤ = 0.067me as in GaAs,
which is confined to a layer of width 10 nm, we obtain the ground state en-
ergy E1 = 5.6meV , and a transition energy E2,1 = 16.8meV corresponding
to photons of frequency 5.6 THz and 4 THz respectively [10].
• The cyclotron resonances !cr = eBm⇤ for charge carriers in semiconductors are
also typically in the THz range. For example n GaAs with m⇤ = 0.067me ,
fcr varies with 0.42 THz per Tesla. This e↵ect is e ciently used in fast THz
detectors. (see also section 6.2.1)
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• The free carrier response of graphene and graphene like substances can be
characterized with THz Time Domain spectroscopy by probing the inter and
intraband response of excited carriers with sub-ps time resolution [12]. With
this allaˆA˘S¸optical approach the intrinsic carrier dynamics can be probed in
the time domain, undisturbed by the influence of contacts that would oth-
erwise have to be attached [13]. These investigations found the conductivity
of graphene to be Drude-like in the THz regime, indicating the dominance of
intraband conductivity over interband at low frequencies.

2 THz Optics and Spectroscopy
In this chapter, the general theoretical foundations and experimental concepts
of THz optics and spectroscopy are presented. An overview of THz sources will be
given, with emphasis on photoconductive switches and the FEL as THz radiation
source. Furthermore, THz detection schemes will be introduced in general with focus
on electro-optic sampling (EOS) as well as TDS, together with an advancement called
ASOPS.
2.1 THz Emitter Concepts
The THz spectral region has long been not accessible until two decades from now.
First available sources were simply black body radiation sources like a SiC based
Globar or mercury arc lamps [14]. At very high temperatures their wide emission
spectrum can extend up to the THz range, though still at low powers in the range
of picowatts. Since then, many more practical and experimental relevant sources
have been developed or are under active development. In table 2.1 these methods
are summarized for comparison. Most of these sources have one at least of two main
disadvantages: They show quite low emission power, in the range of µW, or radiate
at only one particular wavelength, unfavorable for most spectroscopic methods.
Furthermore, THz emitters can be grouped in two distinct classes: Firstly (sec-
tion 2.1.1): THz sources, whose radiation intensity I / E2 can be recorded, only.
And secondly: Sources which can be combined with coherent detection systems,
which allow to measure intensity I and phase information  . These sources are
treated in their own section (2.1.2).
2.1.1 Regular THz Emission Concepts
In the following several methods for THz generation will be introduced: Electronic
sources, frequency conversion of laser radiation, THz gas lasers and quantum cascade
lasers, with a closer look on electron-beam THz sources and photoconductive THz
emitters, the sources used in this work.
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Table 2.1: Overview and Comparison of THz Sources
technique / mode spectrum power
Globar black body ⇡ pW
Mercury arc lamp 0.15–3 THz 3-8*Globar
di↵erence-frequency mixing line 0.1–20 THz nW- µW [15]
di↵erence-frequency mixing with
ZnGeP2
fixed line 2.45 THz 2 mW [16]
optical rectification 0.1–5 THz 0.01–10 µW [17]
photoconductive antennas 0.1–5 THz 0.01–10 µW [18]
quantum cascade laser fixed line 3.51 THz 215 µW [19]
frequency down conversion line 1–4.6 THz 32 µW [20]
CH3OH laser line 0.1–8 THz up to
100 mW
[21]
Gyrotron line 0.14 THz 1MW [22]
Free-Electron laser tunable line
1.3–60 THz
0.05-50W [23]
THz Electronic Sources
Among solid-state sources, Gunn devices that generate a few microwatts of power in
the sub-THz, 400-560GHz, range are feasible. Tunnel-injection transit-time diodes
with operation frequencies as high as 355GHz and 140 µW output power have been
reported [24].
In a THz frequency multiplier, the frequency of a driver source is multiplied in
a nonlinear device to generate higher-order harmonic frequencies. Planar Schottky-
varactor diodes are commonly used in frequency multipliers. The most e cient
terahertz frequency multipliers comprise series chains of frequency doublers and
frequency triplers. Signals up to 1 µW at 2.5 THz have ben reported [25].
Another method to generate ultra short THz pulses without the need of a fs-laser
are non-linear transmission lines based on resonant tunneling diodes, compressing a
sinusoidal wave non-linear in the time-domain [26,27].
Frequency Conversion of Lasers
THz rays can be generated by frequency mixing of two laser with the frequency
di↵erence falling in the THz region, for example one or two continuous wave (CW)
CO2 gas lasers [28]. In an open antenna structure based on a metal-insulator-metal
point contact mixer it is possible to generate a THz emission power of around 1 µW.
These sources can generate narrow-band (⇡1 MHz and less) CW radiation in discrete
parts of the 6 THz range. The disadvantage of the method is the relatively small
spectral tunability and the low level of output power that is in the sub-microwatt
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range.
Terahertz signals can also be generated through di↵erence-frequency mixing in
nonlinear crystals. Mixing a dual-wavelength ytterbium (Yb) fiber laser with pulse
duration of 1 ns in a ZnGeP2 crystal, 2 mW of average power was generated at
2.45 THz [16].
Optically Pumped Molecular Lasers
Optically pumped lasers can operate from molecular rotational transitions of gases
like CH3OH, CH3OD, CH3F , CF4, and others [29]. Single-line high-power CO2
lasers in the range of 9–11 µm are used for pumping the molecular vibrational tran-
sitions and exciting laser action in the 0.1–8 THz range. The most popular THz
laser is the CH3OH laser ( THz= 118.83 µm (2.52 THz) ,  pump = 9.6 µm), which
has achieved a very high infrared-to-THz wave conversion [21]. Advantages of opti-
cally pumped lasers are the particularly high spectral brightness, at narrow emission
lines, which produce and high output power. This kind of lasers exhibit power levels
in the range of several tens of milliwatts. The disadvantage of these sources is the
relatively small spectral tunability (0.06 THz), because the laser action is connected
to the discrete frequencies of molecular transitions.
Quantum Cascade Laser
The quantum cascade laser (QCL) appears to be the most promising THz semicon-
ductor source at present. A QCL is an unipolar laser in which the conduction band
is divided into few sub-bands. These discrete energy levels are created in a semicon-
ductor heterostructure containing several coupled quantum wells. The intersub-band
transitions occurs between the discrete energy levels within the same band.
QCLs were firstly developed for the mid-infrared spectral range. Because of the
low terahertz photon energies, it is di cult to selectively inject and remove electrons,
from such closely spaced subbands so as to achieve the population inversion necessary
for gain. Further, losses due to the absorption of radiation by free carriers increase
proportionally to the square of the wavelength. Therefore waveguides proved to
be required to minimize the modal overlap with any doped semiconductor cladding
layers. The breakthrough was achieved 2001 by pairing a chirped superlattice active
region with a semi-insulating surface-plasmon waveguide [30,31].
The advantage of THz QCLs is the high output power (hundreds of milliwatts)
in both pulsed and CW modes, in a tabletop size [20]. The need for a cryostat for
low-temperature operation and the non-tunability is the main disadvantage of these
sources. However, as of now, THz QCLs are not widely commercial available.
Electron-beam THz Sources
Gyrotrons, backward-wave oscillators and free-electron lasers are the most successful
electron-beam sources. Their operation is based on the interaction of a high-energy
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electron beam with a strong magnetic field inside resonant cavities or waveguides,
which results in an energy transfer between the electron-beam and an electromag-
netic wave. Gyrotrons in the sub THz-range with 1MW power at 140GHz have
been successfully developed [22]. The major advantage of backward-wave sources is
the possibility to tune their frequency electrically over a bandwidth of more than
50% and their ability to generate up to 50 mW of power at 0.3 THz going down
to a few mW at 1 THz [32]. A special source of radiation is the free-electron laser
which can generate spectrally narrow highly intense radiation, yet tunable over an
exceptionally broad range in the order of one magnitude. This kind of THz source
will be introduced in detail in section 2.1.3.
Apart from the just mentioned, there exist even more possibilities, such as optical
parametric oscillators using quasi-phase-matched GaAs [33], photonic crystal lasers
[34] or THz wire lasers [35].
2.1.2 Coherent-Detectable THz Sources
Coherently detectable THz sources have in common that they are irradiated by
ultrashort fs laser pulses [9, 36]. Typical average power levels of such sources range
from 10 nW to several microwatts depending on the infrared pump power and dc
bias voltage. Their emission spectrum ranges from 0.2–3 THz. These kinds of THz
sources are widely used in THz-TDS of materials used to investigate the molecular
spectra of a number of materials, including water, semiconductors, chemical vapors,
proteins, and bacteria [37].
Optical Rectification
Optical rectification is based on the inverse electro-optical second-order e↵ect in a
nonlinear crystal similar to the quadratic optical Kerr e↵ect, when high intensity
broadband laser radiation, as emitted from a mode locked Titanium doped sapphire
laser, emitting <100 fs short light pulses in the near infra red (Ti:Sa laser), with
any two frequencies !1 and !2 (in the pulse spectrum) interacts with the nonlinear
medium. The result is an induced polarization at the sum-frequency (!1 + !2), and
di↵erence-frequency (!1 !2), corresponding to the dc-pulse, similar to the envelope
of the frequency beating [29].
Suitable crystals for optical rectification need to exhibit a high non-linearly
electro-optic coe cient as well as good phase matching with the irradiating laser
light. Depending on the material (ZnTe, GaP, GaSe), the resulting THz rays
cover the frequency region from 0.1 to 5 THz. The disadvantage of this method
of THz generation is the relatively low conversion e ciency of optical pulse energy
to THz pulse energy, resulting in average powers that range from nanowatt up to
sub-microwatt level.
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Photoconductive THz Antennas
The most common and successful way to generate (and detect) wide band THz radi-
ation are based on photoconductive switched antennas. In the following, the concept
of broadband THz radiation generation with a photoconductive switched antenna
will be explained. Basically such a device consists of a highly resistive semiconduc-
tor, low-temperature grown gallium arsenide (LT-GaAs) with two metallic contacts,
as illustrated in figure 2.1a. This structure is irradiated by ultrashort fs laser pulses,
typically from a Ti:Sa laser.
A schematic of such a photoconductive switch is shown in figure 2.1. By applying
a DC bias voltage Vbias on the contacts a strong electric field perpendicular to the
surface is being generated [38]. When irradiating the semiconductor with a laser
pulse (< 100 fs) with photon energies larger than the band gap, a large number
of charge carriers (electron-hole pairs) is quasi simultaneously created. Accelerated
by the external electric field a transient current I(t) between the metal contacts is
induced, giving rise to a time dependent dipole moment ~p(t) in the switch. According
to Maxwells equations, a time dependent electric current density leads to emission
of time dependent electromagnetic radiation:
~ETHz(t) =
1
4⇡✏0c2r3
~r ⇥
✓
~r ⇥ @
2~p(t)
@t2
◆
. (2.1)
The resulting field amplitude is proportional to the first derivative of the current
density. A time dependent photo current with sub picosecond rise-time which is
followed by a subsequent drop, due to the carrier recombination and screening of
the bias field, therefore acts as the source for a one cycle picosecond electromagnetic
pulse (schematically in 2.1).
The radiation is emitted into the substrate in a cone normal to the interface. To
collimate the THz radiation, usually a silicon lens attached to the back of the emitter
is used [39]. Alternatively, a collimation e↵ect can be achieved by superpositioning
many THz emitters on an array, as in the THz emitter used in this setup (see
figure 4.2 in section 4.1). In the far–field approximation [38] equation 2.1 can be
simplified to
E(t)THz / @I
@t
. (2.2)
The intrinsic bandwidth of the generated THz pulse is in the range of the inverse
of the current transient lifetime, which is limited by the duration of the generating
laser pulse and the response time of the material used as substrate for the THz
emitter. Usually, the carrier life time in the substrate material is the limiting factor,
which in most commonly used materials like LT-GaAs is in the sub picosecond
range. Pulse durations in femtosecond laser systems are orders of magnitude shorter.
Typical resulting THz traces and spectra featuring a center frequency of about
1 THz are shown in figures 4.4 and 5.1b. The maximally achievable THz power is
limited by the highest sustainable optical power and maximum DC bias voltage
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(a) (b)
Figure 2.1: Schematic of the THz generation in a photoconductive switch (a).
The photon energy of the near-IR fs pulse (red) is larger than the band gap of the
semiconductor (GaAs) and excited electron-hole pairs break down the electronic
switch, which short-circuit an applied bias voltage (Vbias). The resulting ps short
burst of current (I(t), blue) gives rise to a spectrally broad single cycle THz pulse
(ETHz(t), green).
before the device breaks down. For example, the total sustainable optical power for
a THz emitter made of LT-GaAs at room temperature when biased at 4 Vµm is about
0.9mWµm2 [40, 41].
Although the average emitted power of photo conducting emitters is only in the
µW range, the combination with the coherent time-gated electro-optic detection
scheme still provides so far the largest signal-to-noise ratio (SNR) and dynamic
range compared to other room temperature table top THz approaches.
2.1.3 Free-Electron Laser as THz Source
The FEL provides a unique combination of wavelength tunability and high average
power. The tunable wavelength range from 6-250 µm combined with an average
power of more than 100 mW is not achievable with other light sources, especially
not in the THz regime (compare table 2.1). Even an optically pumped CH3OH laser
as the SIFIR-50 (Coherent) supplies just a few distinct laser lines with an average
CW power of more than 5 mW [5]. However, it belongs to the class of regular THz
sources as coherent detection of the FEL radiation is not possible.
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Basic FEL Theory
A schematic of a FEL is shown in figure 2.2. The magnets, the optical cavity
and the electron path of the undulator are depicted. Fast freely-moving electrons
(Ekine   12MeV) are injected into the linear array of magnetic fields with alternating
polarity (called undulator) which force the electrons into an undulating trajectory.
This causes the relativistic electrons to emit electromagnetic radiation at frequencies
determined by their kinetic energy Ekine and the magnetic field gradient. An enclos-
ing optical resonator stimulates and amplifies coherent emission of radiation. In the
following, the theoretical background of a FEL as THz radiation source is provided,
covering the spontaneous emission, build up of coherence and amplification of the
radiation [42].
Spontaneous Emission (Fundamental Wavelength) As mentioned above, the
idea behind a FEL is that oscillating electrons emit synchrotron radiation. In a
FEL however, the electrons show no circular movement, but a linear undulating
movement. This is realized by not one magnetic field but an array of alternating
orientated magnetic fields, generally referred to as undulator, due to its e↵ect on the
electron movement. The magnetic field ~B inside the undulator can be described by
~B = Bu

~ex cos
✓
2⇡
z
 u
◆
+ ~ey sin
✓
2⇡
z
 u
◆ 
, (2.3)
with Bu as amplitude of the static magnetic field and ~ex, ~ey, ~ez denoting the unit
vector along the x, y and z axes. (Coordinate system shown in figure 2.2.)
Electrons are injected into the undulator with velocity
~  =  z ~ez. (2.4)
Figure 2.2: Schematic of an undulator of a free-electron laser. Depicted is
the double array of alternating polarized magnets (1) with undulator period  u.
Injected electron packages (2) are forced by the magnetic field onto an undulating
trajectory, thereby emitting synchrotron radiation (3). (Image from [43])
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Inside the undulator, the electrons are a↵ected by the Lorentz force
~F = e~v ⇥ ~Bu (2.5)
=  evzBu sin 2⇡z
 u
, (2.6)
which leads to the undulating movement of the electrons, corresponding to an
oscillation in the observation-frame. This leads to emission of synchrotron radiation.
To calculate the wavelength of the generated radiation, one has to consider two
relativistic e↵ects: First, the electron experiences a Lorentz contracted undulator
period  u and second, the stationary target, or observer, in front of the beam sees a
higher frequency of the electron oscillation due to the relativistic Doppler e↵ect. It
is shown that the wavelength can be described by
 s =
 u
2 2
with the Lorentz factor   =
1q
1  v2c2
. (2.7)
To account for the increased path length of the electrons due to their undulating
trajectory 2.7 has to be corrected by an additional term to
 s =
 u
2 2
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eBu u
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(2.9)
introducing the dimensionless and undulator specific parameter K. It becomes
apparent that by tuning electron velocity v and magnetic field strength Bu, the
wavelength of the spontaneously emitted light can be defined. This is technically
realized by changing the electron energy and mechanically changing the distance
between the opposite magnets, respectively.
Another relativistic e↵ect causes the dipole-like light emission of the moving
electrons to be strongly pronounced in forward direction leading to an emission angle
which is reduced to a cone of half-width 1/  [42]. The linewidth of the radiation is
determined by the number Nu of undulator periods; the total length of the pulse
emitted by one electron is that of a wave train with a number of periods equal to Nu,
the number of undulator periods. The corresponding linewidth of the fundamental
is
 !
!
=
1
2Nu
. (2.10)
In the undulator the magnetic field has only one component, along y. Then
the velocity has components in the x and z directions. Therefore, the longitudinal
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velocity is modulated twice at the undulator period. This actually leads to a richer
spectrum: All the odd harmonics of the resonant wavelength appear on axis.
Coherent Emission The second fundamental idea behind the FEL is to exploit
the interaction of emitted radiation and the electron energy.
The introduction of the optical cavity increases the amplification. A pulsed FEL
like the FEL at the ELBE facility (FELBE) is injected with electron bunches at
the repetition rate feb determined by the electron source (here feb = 13 MHz, see
section 6.1). The cavity is dimensioned that way the resonator-round-trip-frequency
matches the feb, so the light pulse from previous overlap with the current electron
bunch. In a FEL not single electrons are injected in the undulator but packages
or bunches of electrons, due to the nature of the HF driven linear accelerator. As
these electron packages are of finite dimension, the electrons are initially randomly
distributed across the undulator and emit radiation at random phase.
Coherence is obtained by modulating the longitudinal electron density on the
scale of the radiation wavelength, a process called micro-bunching. When electrons
are bunched together in a distance that is short compared to the wavelength of the
radiation, they emit in phase. This micro-bunching e↵ect is caused by the interaction
between the electrons and the electromagnetic radiation field in three ways:
1. The interaction with the radiation field a↵ects the electron energy due to the
ponderomotive force phase.
2. The change in the longitudinal position of the electrons due to the path length
di↵erence of the trajectories within the undulator of electrons with di↵erent
energies,
3. The emission of radiation by the electrons thereby amplifying the radiation
field amplitude.
In the following, we describe the basic FEL process. Let
~E = E0
h
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be the electric field of a plane wave propagating along the undulator axis ~ez. This
field is transverse to the undulator axis, and thus has components parallel to the
transverse electron velocity. An energy transfer between the electromagnetic field
and the electron beam can take place with
mc2
d 
dt
= eE0
a!
 
sin( + ) (2.12)
where the phase   is
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This quantity is called the ponderomotive force phase [42] and plays a key role
in FEL physics. The ponderomotive force phase has terms changing at the ”fast”
electromagnetic field frequency and terms changing with the“slow”undulator period.
Averaged over a few radiation periods, the time-average value of the electron energy
change is 0 unless we satisfy a synchronism condition d /dt = 0.
For relativistic particles (energy is much larger than its rest mass) it can be
shown that this condition can be approximated and satisfied for
 s =
 u
2 2
⇥
1 +K2
⇤
. (2.14)
When the synchronism condition is satisfied, the ponderomotive force phase is
constant, and the electron beam, oscillating at the slow undulator frequency, can
exchange energy with the fast oscillating electromagnetic wave. If the longitudinal
velocity  z di↵ers from the resonant velocity  ˆz the electrons slip in the ponderomo-
tive force phase as
d 
dt
=
2⇡c
 
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 z
 ˆz
  1
◆
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If the electron moves exactly with the resonant velocity, its ponderomotive force
phase is constant according to the synchronism condition and the interaction with
the radiation field results in a sinusoidal modulation of the electron energy. Particles
with higher energy moves forward with respect to the initial phase  0 , while particles
with lower energy fall back. In this situation no net-energy transfer occurres.
Electrons, lying within the phase interval [ , + ⇡], gain energy and become
faster (d /dt > 0), while electrons in the interval [ + ⇡, + 2⇡] are slowed down
(d /dt < 0). As a result all electrons tends to drift towards the phase  + ⇡ and
become bunched with the periodicity of the radiation field. The electrons emit in
phase and the radiation is coherent. The radiation emitted by the electrons adds
up to the interacting electromagnetic wave. The amplitude and the phase of the
electromagnetic field change with the ongoing interaction between radiation field
and electron beam. This is apparent because the electrons tends to bunch at a phase
di↵erent to the radiation field. The radiation phase is slowly adapting to the new
phase defined by the bunching phase of the electrons. Note that for a self-consistent
description of the FEL interaction, the Maxwell equation for the electromagnetic
wave has to be solved as well.
Amplification by Stimulated Emission The FEL amplification results in the cou-
pling of the aforementioned basic processes and exploits the inherent instability of
the system: A stronger modulation in the electron density increases the emission
level of the radiation, which, in return, enhances the energy modulation within
the electron bunch. With stronger energy modulation the formation of the bunch-
ing (modulation in the electron positions) gets even faster. Energy wise the faster
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electron lose energy to the electromagnetic field of the light which results in light
amplification.
When the electrons are completely bunched (the electron density modulation has
reached a maximum), FEL power is saturated and the amplification is stopped. At
this point all electrons have the same phase of emission and the radiation is fully
coherent. The FEL has reached saturation.
Linewidth and Higher-Harmonic Radiation In a pure undulator, the transverse
motion of the electrons is nearly harmonic with a fixed frequency. Thus, the spec-
trum consists of a single line with its width proportional to 1/NU. As the field
increases, the motion turns more an-harmonic and so does the electromagnetic field
experienced by a distant observer on the beam axis, giving rise to harmonics of the
fundamental frequency. Due to the symmetry between the motion away from and
back to the beam axis, only odd harmonics appear.
Summary
The FEL interaction causes the electrons to gain or lose energy, depending on their
ponderomotive phase. Faster (than resonant) electrons provide (kinetic) energy to
the electromagnetic field which leads to a laser gain. The resulting energy modula-
tion causes the electrons to develop density modulation with period of the radiation
wavelength. An optical cavity increases the bunching and the resulting collective
electron motion (oscillation in phase) culminate in coherent radiation.
2.2 THz Detection Principles
As with THz emitter concepts, the detection of THz radiation is under active de-
velopment. All radiation detection systems in mm and sub-mm spectral ranges can
be divided into two groups: Incoherent and coherent detection systems [44].
Incoherent detection systems, as most common and universal sensors, rely on
direct detection of radiation. These allow for only signal amplitude / E2 detection.
Although direct THz detection systems operating at room temperature exist, they
can be used only with relatively long response time (⌧ ⇡ 10 2  10 3s) and modest
sensitivity. Among them are Golay cells [45, 46], pyroelectric detectors [47], and
thermal direct detection detectors such as bolometers. Systems, cooled below the
thermal equivalent of THz radiation, achieve much higher sensitivity and bandwidth.
Exemplary and because of relevance to this work, extrinsic germanium detectors are
introduced below in 2.2.1.
Coherent detection systems on the other hand, allow for detecting not only the
amplitude of the signal, but also its phase but can only be applied to coherent and
synchronized THz sources (see 2.1.2). Most prominent and relevant example for
this is the electro-optic sampling, which will be introduced in section 2.2.3, although
photoconductive antennas can be applied for coherent detection as well.
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2.2.1 Direct THz Detection with Extrinsic Photodetectors
Extrinsic photodetectors are used in a wide range of the Infra red (radiation) (IR)
spectrum extending from a few µm to approximately 300 µm. They are the prin-
cipal detectors operating in the range   > 20 µm. The spectral range of particular
photodetectors is determined by the doping impurity and by the material into which
it is introduced. For the shallowest impurities in GaAs, the long wavelength cut-
o↵ of the photo response is around 300 µm. Although silicon based detectors are
becoming better, for wavelengths longer than 40 µm, there are no appropriate shal-
low dopants for silicon; therefore germanium devices are still of interest for long
wavelengths. Very shallow acceptors like Ga, provide cut-o↵ wavelengths in the
region of 100 µm. To extend the cut-o↵ wavelength up to 240 µm, the application
of uniaxial stress along the [100] axis of Ge:Ga crystals reduces the Ga acceptor
binding energy. [48]. Ge:Ga photoconductors are still considered the best low back-
ground photon detectors for the wavelength range from 40 to 120 µm [44]. Since the
absorption coe cient for a material is given by the product of the photoionization
cross-section and the doping concentration, it is generally desirable to maximize this
concentration. The upper limit is the rising dark current.
2.2.2 Hot-Electron Bolometer
In bolometric detection systems, the sensor is a photon absorbing element an elec-
tronic circuit which acts as a thermometer. Its variation in temperature results in a
change in the impedance which can be measured electrical [49]. The time constant
of this process is dominated by the thermal conductivity and the heat capacity of
the crystal-lattice. In typical e.g. Si-bolometers time constants in the ms range are
common, too slow for the near-field detection schemes in this work.
A hot-electron bolometer (HEB) however, operates at cryogenic, typically at
LHe, temperatures. For semiconducting and superconducting materials at these
low temperatures the resistance of the absorbing element then depends not on the
crystal-lattice, but on the electron temperature alone. Here, the electrons are weakly
coupled to the phonon system. Power coupled to such an electron system drives it
out of thermal equilibrium with the phonon system of the crystal lattice, creating
hot electrons [50]. The mobility µ of the electrons is a function of temperature T
and is given by µ = CT
3
2 where C is a constant. This change in electron mobil-
ity is therefore measurable as a change in the impedance of the crystal. The low
e↵ective mass of the carriers provides for a particularly fast detection mechanism.
At 4.2 K the relaxation timescale is in the order of 0.3µs, corresponding to a -3 dB
instantaneous bandwidth of approximately 1 MHz. Such a detector has intrinsically
good sensitivity at frequencies below 0.6 THz (500 µm), beyond wavelengths e.g.
the FEL-U100 can produce.
With the presence of an additional magnetic field B, the absorptivity of radiation
can be tuned to the cyclotron resonance !c =
eB
mec
of the electrons in the detector
2.2 THz Detection Principles 21
element. This strongly enhances the detector sensitivity at !c. To broaden this sen-
sitivity peak, an inhomogeneous magnetic field across the employed detection crystal
can be applied. By this the enhanced sensitivity is spread across a wider spectrum
e.g. in the region between 0.6 and 1.8 THz as is the case for the detector used in
this work. Exemplary response curves for such detectors are shown in figure 6.12.
2.2.3 Coherent THz Detection
Coherent detection schemes allow for measurement of the electric field strength and
phase of radiation. Further, this technique allows for an exceptional dynamic range
and SNR as it measures not the average power but the THz field at only the relevant
moments in time 1. Due to the gated nature of the detection the e↵ect of thermal
background noise is e↵ectively suppressed [51] thus acting similar to an ultrafast
boxcar technique. For the coherent detection of THz pulses, the most common
methods are employing photoconducting THz receiver antennas and electro-optical
sampling.
Receiving antennas work analogous to an emitting antenna. Here the receiver is
gated by the IR probe pulse which generates short lived charge carriers. These are
accelerated by the THz field ETHz(t), which results in a transient photo current I(t).
For the assumption ETHz(t) / I(t) the response time in the antenna has to be as
short as possible. In practice, often low-temperature grown GaAs or is used, as its
high defect density result in a short carrier life-time. The time delay is varied and
the output signal (amplitude of e-field) is plotted as synchronized time delayed pulse
curve, the THz waveform. Such devices can achieve a dynamic range of 10000/1.
Electro–optic Detection of THz Pulses
The electro-optic (EO) sampling technique is based on the linear birefringence
e↵ect an electric field induces in a nonlinear EO crystal (Pockels e↵ect) [52]. The
first detection of free space THz radiation with ZnTe was demonstrated by Wu in
1995 [53]. Figure 2.3 shows a schematic of the receiving setup. Here the electric field
of the transient THz pulse elliptically polarizes an ultra short (< 100 fs) probe laser
pulse, usually split o↵ from the femtosecond optical oscillator which generated the
THz pulses. The amount of ellipticity is directly proportional to the (THz) electric
field, thus being a suitable measure. To record the ellipticity, a quarter wave plate
and a Wollaston prism is inserted in the path of the probe pulse, thus separating
its two orthogonal components. The di↵erence in those can be measured with a
di↵erential photo detector. As the femtosecond probe pulse is by far shorter than
the picosecond THz transient (and inherently synchronized), each probe pulse of the
pulse train samples one defined state ~E(t0) of the THz electric field at a give point
in time t0. This signal can be measured as a DC signal level, when the detector and
1 Pulsed THz emitters as in this work, operate at duty cycles of about 1/1000.
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amplifier bandwidth is lower than the repetition rate of the laser, which is the case
for the experiments performed in this work.
By shifting the retro-reflecting mirror on an optical delay stage by  s (see fig-
ure 2.4a) the probe pulse is delayed with in steps of  t = 2/c s, with c being the
speed of light. The whole transient THz pulse then can be sampled and digitized in
the time-domain steps ~E(t0, t0+ t, . . .). Consequent Fourier transformation of the
waveform reveals the amplitude and phase spectrum.
Y (f) =
Z +1
 1
x(t)e 2⇡iftdt
As the actual THz transient is not of infinite length and is acquired in discrete
steps. So in practice the waveform is multiplied by a sampling (apodisation) window
and the Discrete Fourier Transform is applied.
Yk =
N 1X
n=0
xn ⇥ e 2⇡ik/Nk
The resulting frequency resolution  f is inverse proportional to the window
length T . This is to be considered when measuring THz time-domain spectra. For
instance, gases like water vapor, feature sharp absorption peaks. In this case a
Figure 2.3: Schematic of EO sampling of THz pulses. The momentary electric
field strength of the THz pulse, passing the EO ZnTe crystal, a↵ects its crystal
lattice which induces birefringence in the crystal (Pockels e↵ect) which changes
the polarization of the femtosecond short pulses of the linear polarized probe
beam. This polarization change of the probe beam then induces a time resolved
signal in the balanced photo detector directly proportional to the field amplitude
of the THz pulse. As the probe and THz pulses are inherently synchronized, the
phase information is preserved in the recorded signal. The whole pulse can be
recorded via the change of the optical path length thereby varying the arrival
time of the probe pulse at the crystal (Michelson Interferometer).
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high frequency resolution is necessary ( 100MHz to 1GHz) and scan length larger
than 100 ps even 1 ns have to be considered. Absorption peaks in solids are broader
though and a lower resolution ⇡ 100GHz, corresponding to a scan length of 10 ps,
is su cient to resolve the peaks properly.
A numerical artifact to consider, is the etalon e↵ect. Most THz systems show
echoes of the original THz pulse due to the reflection of the THz pulse at the inter-
faces of optical elements or internal reflections in the detecting crystal. These echoes
show up as smaller replicas of the main pulse, if the waveform scan length is long
enough. If such replicas are included in the Fourier Transform, the result is a spec-
trum with interference features known as etalon e↵ect. These interference features
make the analysis of the spectrum increasingly complex and they can hide actual
spectral features. To avoid this, the scan length (or the apodisation window) can be
limited just short of the first echo. This limits the maximum frequency resolution,
though.
Asynchronous Optical Sampling
Asynchronous optical sampling (ASOPS) is based of coherent frequency comb spec-
troscopy [54]. The motivation for this technique is to eliminating the mechanical
delay line, instead the overlay two harmonic combs with slightly di↵erent pulse
repetition rates allows fast and vibration free measurements of the pulse spec-
tra [55] [56] [57].
Two mode-locked femtosecond lasers (shown in figure 2.4b) are linked at a fixed
repetition frequency di↵erence  frep and serve as THz generating- and probe-lasers,
respectively. Elegantly, their relative time delay is this way linearly ramped be-
tween zero and the inverse repetition frequency of the pump laser by  T = 1/ frep.
 T represents therefore the sampling window length. As consequence, the spectral
resolution is /  frep, meaning the di↵erence frequency determines the sampling fre-
quency, and therefore the maximal measurable frequency as stated by the Nyquist
theorem.
Practically, ASOPS scales the THz fast far-IR signal to a MHz fast near-IR
optical signal which can be recorded by commercially available photo detectors with
bandwidths in the range of 10 MHz. ASOPS was first shown with a Nd:YAG laser
[54] and [55,57–59].
2.3 The Drude Model
The characteristic frequency dependent behavior of a metal is called Drude response.
In a conventional, simple, real metal as gold at room temperature, such behavior
is not found experimentally, because the characteristic frequency   is in the in-
frared frequency range, where other features that are not considered in the Drude
model (such as band structure) play an important role. For certain other materials
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(a) Spatial Time-Domain Sampling of the THz pulses with a movable delay line.
(b) Asynchronous Optical Sampling
Figure 2.4: Comparison of sampling methods of THz pulses. (a) Spacial-TDS,
relies on an optical delay line to displace THz and probe pulse, while ASOPS (b)
relies on two lasers with slightly o↵-set pulse repetition rates for sampling the
THz pulses.
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with metallic properties, however, frequency-dependent conductivity was found that
closely follows the simple Drude prediction for  (!). These are materials where the
relaxation rate is at much lower frequencies. As found to be the case for certain
doped semiconductor single crystals [60]. This makes low doped silicon a splendid
test sample for the spectroscopic THz near-field experiments shown section 5.4.
Paul Drude formulated in 1900 this simple model for electrical conduction in
materials to describe the transport properties of electrons. The Drude model is
based on classic kinetic theory, assuming that electrons move freely as particles in the
material and their sole interaction are their response to an electric field and collisions
with immobile positive ions. It introduces the electronic equation of motion,
d
dt
~p(t) = q
 
~E +
~p⇥ ~B
m
!
  ~p(t)
⌧
,
with t is the time and ~p, q, n, m, and ⌧ are respectively the electron’s momentum,
charge, number density, mass, and mean free time between ionic collisions. Apart
from delivering a semi quantitative description for Ohm’s law, the linear relationship
between (static) current density J and electric field E, ~J =
⇣
nq2⌧
m
⌘
~E. It allows also
to predict the frequency (!) dependent complex dielectric constant ✏ to
✏ = ✏1  
!2p
!(! + i )
, (2.16)
where ✏1 is the contribution of the dielectric,   = 1/⌧ is the damping rate. The
plasma frequency !p is defined by
!2p =
Ne2
✏0me↵
, (2.17)
where N is the number density of carriers, e is the electronic charge, ✏0 is the
free-space permittivity and me↵ is the e↵ective carrier mass.

3 Basics of Optical Near-Field
Microscopy
In this chapter, an introduction to optical near-field microscopy will be given, be-
ginning with an outline of the historic origins as well as the physical basis. Further-
more, the two main realizations of near-field microscopes i.e. aperture ans scattering
near-field optical microscopy will be presented. Finally, the principles of atomic force
microscopy as the fundamental technology to all near-field microscopes will be de-
scribed.
The main quality of every optical microscope, the achievable resolution, is not
technically but physically limited to the wavelength   of the light by di↵raction.
This was discovered by Abbe in 1873 [2]. He realized that every lens in a microscope
acts as a di↵racting aperture. Following the Rayleigh-criterion and assuming two
neighboring light sources in a medium with refraction index n to be observed with
an objective with opening angle 2↵, a minimal distance
smin = 1.22
 vac
nsin(↵)
(3.1)
results, at which these light sources can be distinguished from each other [61]. There-
fore, to achieve the best possible resolution, one may design the numerical aperture
NA = nsin(↵) as large as possible. While one way to enhance the resolution is
realized in oil-immersion microscopes with an NA ⇡ 1.25. Using oil with n > 1 as
medium to reduce the e↵ective wavelength. Another way is dark field microscopy.
Here, the extinguishing of the zero order di↵raction allows for enhancing the reso-
lution of microscopy in the visible wavelength range by the factor of two to about
 /2 , ⇡ 300 nm [62].
Some of these approaches utilize the near-IR probe beam, necessary for EOS, to
raster a sample. The near-IR (  = 800 nm) allows better than THz resolution but
is still wavelength dependent [51,63]. By exploiting polarization e↵ects near a sharp
metal tip [64], this method could be advanced to 18 µm resolution (corresponding
to  /110 for a wavelength of 2 mm) only. In addition, this technique is limited to
specific types of samples, whereas the a- and s-SNOMmethod allows universal access
to any sample surface. Also, aperture-like near-field microscopes have been realized
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using the THz antenna structures with sizes smaller than the THz wavelength as
the local light source, or as the detector [65]. Here the spatial resolution of the
experiment is mainly limited by the finite dimensions of the probe beam focus and
of the photoconductive gap and was determined to be on the order of 20 µm.
All those approaches share an intrinsic dependence of the resolution on the uti-
lized wavelengths as the light is detected in the far-field at distances d   . This is
clearly the wrong approach when aiming for nanoscale resolution microscopy in the
infrared regime, and even more so in the far-infrared THz region with wavelengths
  > 30 µm. In contrast to those THz near-field microscopes [66], we collect the
scattered radiation in the far–field not in the specular reflex but at 90 . Neither do
we collect the radiation in the near-field using the sample itself as THz detector as
in [64], or as THz source [67].
3.1 History of Near-Field Microscopy - a Local Light
Source
A method to overcome the di↵raction limit Abbe discovered was proposed by Synge
as early as 1928 [68]. A strong light source is placed behind a thin but opaque metal
foil which bears a tiny aperture with a diameter d ⌧   maybe less than 100 nm.
That way the tiny aperture acts as a local light source which can illuminate a thin
sample in close proximity z ⌧   behind the film. The light cast through the sample
can be now be detected by a regular optical microscope. By moving then the foil
in small but controlled steps across the sample, one should obtain an image with a
resolution only limited by the step- and aperture size.
Figure 3.1: Schematic of the near-field microscope proposed by Synge. A small
aperture in a metal foil acts as light source. The non-propagating light locally
illuminates the sample in close proximity below which is being rastered to produce
an image. A detector below then records the transmitted power.
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This concept of a local light source has been firstly realized nearly half a century
later in 1972 by Ash and Nicholls. With microwaves of about 3 cm wavelength they
reached a resolution of 0.5 mm ( /60) [69]. The two main challenges to higher reso-
lutions can be identified as size of the light source, as well as the ability to position
the source close enough to the sample and move it with high accuracy. A break-
through for the positioning problem was the development of the scanning tunneling
microscope (STM) in 1982 [70] and further the atomic force microscope (AFM) [71].
This allowed to raster the sample with sub-nm, or even atomic precision [72]. For
more details on raster scanning microscopy see section 3.4. So the main obstacle to
advance further, seemed to be the ability to reliably produce apertures smaller than
the wavelength. In 1984 Lewis et al. [73] and Pohl et al. [74] concurrently succeeded
in developing the first Scanning Near-field Optical Microscopes (SNOM) for the vis-
ible light, achieving  /16 and  /20, respectively. Pohl et al. manufactured their
aperture by etching the corner of a quartz crystal to a sharp tip, and evaporating
metal on the sides of the cone leaving only the very apex transparent to light.
3.2 Aperture-Type Scanning Near-Field Optical
Microscopy
The concept of a transparent tip with a small aperture has been successfully es-
tablished by Betzig et al. [4]. By stretching and/or etching glass fiber’s ends, tip
apexes with diameters well below the wavelength of visible light can be reliably pro-
duced [75]. The fiber tip is then coated with metal by sideways evaporation such
that a tiny clear aperture remains. Light coupled into the fiber now acts as a well
defined local light source which allows resolutions of 50–100 nm, though only for
light in the visible regime (500–650 nm) resulting in ( /10).
Although special fibers can be made transparent for infrared wavelengths, better
resolution/wavelength ratios are still prohibited due the cut-o↵ e↵ect, as will be
explained below.
3.2.1 The Cut-O↵ E↵ect
To achieve the best resolution with an aperture based SNOM, the diameter of the
aperture has to be as small as possible. Though, at the same time the transmitted
power through the aperture should be as big as possible for feasible measurement
times and to enhance the SNR. The metalized tip acts like a tapered hollow waveg-
uide. However, the propagation of electromagnetic waves in a hollow (actually di-
electric filled) metal waveguide is only possible if the diameter d of the waveguide
is larger than half the wavelength   in the dielectric [77]. For example in the case
of the aperture glass fiber tip for visible light, with   ⇡ 500 nm and an aperture
a ⇡ 50 nm near the apex, d becomes smaller than  /2. Here, at the cut-o↵ point,
the wave vector of the propagating mode turns imaginary. With increasing distance
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Figure 3.2: The resolution of an imaging microscope is limited according to
Abbes law to half the wavelength (left). Ways to overcome this di↵raction barrier
are by means of an aperture (middle) or with a small scattering object (right).
Only the scattering-type SNOM is wavelength independent, as aperture SNOM
is limited by the cutto↵ e↵ect. [76]
the field amplitude drops exponentially, which leads to exceptionally high loss as it
reaches the aperture at the apex. A way to reduce this e↵ect would be increase the
opening angle, but this generally leads to an undesired increased size of the aperture.
As the cut-o↵ e↵ect is dependent on the wavelength   by
ptransmitted = 1.22
 vac
nsin(↵)
(3.2)
the combination of aperture SNOM with wavelengths >650 nm for high resolution
microscopy is futile. To illustrate this: The transmission T of an aperture probe
with a diameter d = 100 nm and visible light with   = 488 nm is T = 10 5. For
a CO2 laser with   ⇡ 10 µm and the same aperture, transmission diminishes to
T < 10 25 [77]! With a compromise in resolution though using large apertures in
the µm range, aperture-type near-field microscopy resulted in  /20 resolution at THz
frequencies [78–80]. However, further resolution improvement is severely limited by
the cut-o↵ loss as mentioned earlier. An interesting alternative is a non-cut-o↵
waveguide tip, a coaxial guide, [81] as was shown for millimeter waves, [82] and as
demonstrated in an early experiment of reaching  /20 confinement at 1 THz [80].
The e↵ective limit for aperture SNOM therefore is about  /20. This is the foremost
reason aperture SNOM is not suitable for infrared or THz radiation.
3.3 Scattering-Type Scanning Near-Field
Microscopy
A di↵erent method to achieve super-localized fields has been proposed by Wessel in
1985: The e↵ect of field enhancement in the vicinity of a small object or particle [83].
By illuminating for example a metal tip, one will observe strong bound fields at
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the apex, with dimensions in the range of the tip diameter. A schematic illustration
of this is shown in figure 3.3. These evanescent field are referred to as near-fields.
As in aperture microscopy these near-fields are made to interact with the sample.
The sample influences these fields by means of its optical properties. Ultimately the
tip–sample system emits propagating fields which then can be detected as scattered
radiation in the far-field with a detector. This is why this method is called scattering-
type scanning near–field optical microscopy (s-SNOM).
In the actual experiment the sample area around an AFM tip is illuminated with
IR or THz light, which is focused onto the tip and the sample by a focusing mirror.
When the AFM tip is very close to the sample (less than a few tip radii), the sample
near-field is converted into the far-field. This conversion process is modulated by the
tip oscillation. The intrinsic nonlinearity of the near-field causes higher-harmonic
frequencies of the tip oscillation to appear in the modulation of the electromagnetic
wave that originates from the optical tip-sample interaction volume.
3.3.1 Dipole Model
The optical contrasts observed in near-field microscopy are induced by amplitude
and phase change of the backscattered light due to interactions of the near-fields of
the probing tip and sample. These can be described in completeness by the Maxwell
equations with the appropriate boundary conditions. However, these boundary con-
Figure 3.3: Priciple of scattering-type scanning near-field microscopy: An oscil-
lating tip is illuminated from the far-field and acts as scanning optical probe. The
confined evanescent near-field at the tip apex interacts with the sample surface
and the backscattered light is collected again in the far-field.
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ditions though are too complex to percept and apply in an analytical solution.
A simplified but nevertheless successful analytical model to describe the contrasts
in near-field microscopy is the dipole-mirror-dipole model, which will be described
below.
The dipole-mirror-dipole-model simplifies the probing tip to a small polarizable
sphere with polarizability ↵ as illustrated in figure 3.4. This is valid if the tip radius
a is much smaller than the wavelength   (Rayleigh-condition). For tip radii of less
than 100 nm and wavelengths larger than 50 µm as used in this work, this condition
is surely met. A more extensive description and derivation of the dipole model is
found in [84] and [85]. In the electrostatic dipole approximation multipoles and
retardation e↵ects are neglected. Considering the major simplifications (as e.g. the
AFM tip as cone of several ten micrometers is reduced to a sphere of some ten
nanometers) it is clear that absolute scattering e ciencies cannot be represented
correctly. However the strength of the model lies in predicting contrasts between
di↵erent materials.
The polarizability ↵ of a small sphere can be written as:
↵ = 4⇡a3
✏tip   ✏m
✏tip + 2✏m
, (3.3)
where a is the tip radius, ✏tip the dielectric constant of the tip material and ✏m the
dielectric constant of the surrounding medium.
In the experiments realized in this work, the incident light is linearly polarized
perpendicular to the sample surface (p-polarized) and only isotropic sample mate-
rials are observed. Therefore in the following, only the electric field components
perpendicular to the sample surface are considered, as they dominate the measured
signal [86]. For a detailed description of near-field theory with di↵erent polarization
(a) (b) (c)
Figure 3.4: Simplifications for the dipole model: (a) The probing tip above a
halve-space of dielectric constant ✏s. (b) The tip is approximated by a polarizable
sphere with radius a and dielectric constant ✏tip. (c) Reduction to a point dipole
p with the dipole moment of the sphere. The (electrostatic) field distribution of
the upper half-space is described by the mirror-dipole p0.
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angles for the incident light and/or anisotropic samples see [87].
The dipole moment p of the point-dipole (see figure 3.4) is linked to local field
Eloc at the dipole p with
p = ✏0✏m↵Eloc, (3.4)
where ✏0 is the vacuum permitivity. As the surrounding medium is always air (or
dry nitrogen gas) it is considered ✏m = 1. The sample is simplified to an infinitely
extended half-space with dielectric constant ✏s in a distance of z + a below the
center of the sphere (see figure 3.4-(b)). To describe the field distribution in the
upper half-space, a mirror dipole
p0 =  p with   ⌘ ✏s   ✏m
✏s + ✏m
the surface response function (3.5)
is introduced at distance z + a below the surface [88]. The field distribution in the
upper half-space is then composed as a sum of the field of the incident light Ein
and the two dipoles p and p0. In the lower half-space, the field distribution then is
described by a dipole located at the original dipole but of di↵erent power.
The field at dipole p is
Eloc = Ein +
p0
2⇡✏0 [2(z + a)]
3 (3.6)
which with equation 3.4 transforms to:
p = ↵✏0
✓
Ein +
p0
16⇡✏0(z + a)3
◆
= ↵✏0E
in +
↵ p
16⇡(z + a)3
Solving for p yields:
p =
↵
1  ↵ 16⇡(z+a)3
✏0Ein = ↵ˆ✏0Ein (3.7)
This dipole now emits scattered electromagnetic radiation proportional to its dipole
moment. A detector will collect the radiation directly in the far-field. In addition
also the specular reflected radiation of the dipole from the sample will be detected.
The fields add to
Escat = Escat,direct + Escat,reflected.
The same is valid for the for the illumination Ein of the tip, so:
Ein = Ein,direct + Ein,reflected.
With the dipole being in much closer proximity to the sample as the wavelength,
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the phase di↵erences can be neglected and with
Ein,reflected = rEin,direct (3.8)
Escat,reflected = rEscat,direct (3.9)
(3.10)
where
r =
tan('1   '2)
tan('1 + '2)
and sin'2 =
n1
n2
sin('1) (3.11)
the complex Fresnel coe cient for p-polarization, where '1 is the angle of incidence,
n1 ⇡ 1 the index of refraction of air and n2 = p✏2 index of refraction of the substrate,
the detected field at the detector
Escat / ↵(1 + r)
2
1  ↵ 16⇡(z+a)3
Ein,direct = ↵ˆ(1 + r)
2Ein,direct (3.12)
where ↵ is the point-dipole polarizability representing the tip,   is the surface re-
sponse function representing the sample, a is the tip radius, z is the tip-sample
distance, and r is the amplitude reflectivity of the sample.
Compared to earlier formulations of the dipole model [89, 90], this dipole model
introduced by [91], is e↵ectively substituting (1+ ) with (1+r)⇤2 which specifically
improves agreement in the case of resonant sample material [56, 92].
3.3.2 Background Suppression by Harmonic Demodulation
The main challenge in scattering near-field microscopy is the suppression of un-
wanted background radiation, originating from everything but the tip apex region.
As illumination and detection is realized in the far-field, the finite focus of the optics
(especially THz) is much larger as the near-field relevant tip-sample area of about
100 nm in diameter.
The detector collects scattered and reflected radiation from the sample substrate,
tip-cone, the cantilever and chip edges directly or as reflections from the sample.
As a consequence, the detected scattered signal is a composition of near-field and
background far-field
  =  b +  nf (3.13)
Close to surface, the background phase is approximated to be constant for a
measurement, as topographical features are much smaller than the wavelengths used
in THz experiments with     30 µm.
A remarkably e↵ective method to suppress the background illumination is the
combined modulation/demodulation technique at higher harmonics [93]. It is based
on the di↵erent dependency of the near-field- and the background-signal in rela-
tion to the tip-sample distance z, which is inherently modulated sinusoidal during
3.3 Scattering-Type Scanning Near-Field Microscopy 35
non-contact pll- or tapping-mode of the AFM at the cantilever resonance frequency
⌦ (compare figure 3.5). Any background signal changes at the length scale of the
illumination light (here 30-230 µm), and is therefore only weakly and linearly mod-
ulated. The detected near-field signal however is strongly dependent and nonlinear
as equation 3.12 reveals. The characteristic decay distance is in the range of the tip
diameter a. Due to the nonlinearity of the z-dependence the detector signal contains
higher harmonics at n⌦ of the oscillation frequency, whereas the linear modulated
background signal contributes little for n   2. When filtering the detector signal
at higher harmonics n⌦, by using a Lock-In amplifier (LIA), the unwanted back-
ground signal will be increasingly suppressed. The lock-in filtering can be described
mathematically with a Fourier-transformation: Be  (z) = s(z)ei'(z) the complex tip-
sample-distance depending scattering signal, then the detector measures the time
varying signal
 (t) =  [z(t)] =   [Z(1 + cos⌦t)] , (3.14)
with oscillation amplitude Z. This can be written as Fourier series
 (t) =  0 +  1 cos⌦t+  2 cos 2⌦t+  3 cos 3⌦t+ · · · (3.15)
while
 n =
1
2⇡
Z 2⇡
0
 (t)ein⌦tdt. (3.16)
The filtering at the nth harmonic (e.g. with a LIA) of the oscillation frequency
⌦ picks the nth component  n of the series. In the following, this component of the
near-field signal shall be referred to as n⌦. Although filtering higher n⌦ decreases
not only the background, but also the near-field component, a compromise has to
be found for optimal SNR.
Figure 3.5: Schematic for higher harmonic demodulation for background sup-
pression. The probe tip oscillates at frequency ⌦. This modulates the backscat-
tered background optical signal originating from far-field e↵ects weakly and
mostly linear at ⌦. The near-field signal though is strongly and nonlinear af-
fected. Filtering the optical signal with lock-in technique at n⌦, n > 1 e↵ectively
suppresses the background. (From [87])
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The benefit of the harmonic demodulation can be estimated by [94,95]:
sn+1
sbn+1
=
 
a
sn
sbn
(3.17)
With     30 µm and a tip radius a = 50 nm a near-field signal to beackground
enhancement of 600 can be expected for each increment of order of the harmonic
demodulation. However, as the total signal decreases, other experimental factors
will limit the e↵ective SNR.
3.3.3 Comparison to an Interferometric Detection Setup
Although an interferometric detection setup (as realized in [87, 96, 97]) bears many
advantages like interferometric amplification of the near-field signal, suppression of
uncontrolled interference of the background radiation with the near-field, extraction
of amplitude and phase information, as well as an avoidance of measuring a com-
bination of phase- and amplitude-contrast, such a detection setup in combination
with the FEL has yet not been successfully implemented.. The main challenge is the
power noise inherent to the FEL radiation, which would be also amplified resulting
in a worse SNR.
Because this contrast is caused by spatial variations of the dielectric constant of
the sample, we call it a material contrast.
3.4 Atomic Force Microscopy
The fundamental basis for s-SNOM is the atomic force microscope (AFM). It was
invented by Binnig et al. in 1986 [71], itself a development from the first scanning
probe microscope (SPM): the STM [70].
The main principle of an AFM bases on a cantilevered probing tip that raster
scans a sample surface. In close proximity of tip and sample, interaction forces
appear which ultimately result in a deflection of the cantilever. This cantilever
deflection can be read-out by various methods and reveals information about the
sample topography. As the resolution is determined by the sampling tip apex,
ultimately atomic resolution is feasible [98]. To realize this, the following aspects
are critical: Suitable scanning probes, nm precise control over the relative tip–
sample position and a highly sensitive feedback control. These aspects are discussed
in the following. Control over the positioning of probe relative to the sample is
usually achieved by exploiting the piezoelectric e↵ect. The deformation  X of a
piezo material induces a voltage  U and vice versa. Piezo actuators with typical
ratios of  U/ X ⇡ 107 allow for sub-nm resolution positioning.
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Suitable Scanning Probes
are generally cantilevered mounted sharp tips. To be sensitive to small forces the
cantilever requires a low spring constant k. At the same time, the probe needs to
be insensitive to acoustic waves or structure-borne external vibrations, which asks
for a high resonance frequency ⌦0. Both can be achieved with appropriate materials
and cantilever dimensions [99], beginning with the basic formula of the resonance
frequency ⌦0:
⌦0 =
r
k
m⇤
(3.18)
with m⇤ being the e↵ective mass and k the spring constant. For a cantilever config-
uration
m⇤ = mc + 0.24 ⇤md, (3.19)
with mc being the concentrated mass of the tip and md the distributed mass of the
cantilever. mc and md can be calculated from the geometrical dimensions shown
in figure 3.6 for commercial silicon and manufactured wire probes, as used in this
work. Here the tip is approximated as cone of height ht with a cylindrical shaft of
length hs and radius r, while the distributed mass md is regarded as rectangular or
cylindrical shape respectively. So,
mc = ⇢
1
3
r2⇡ht + r
2⇡hs, (3.20)
md,rect = ⇢lwt and (3.21)
md,cyl = ⇢r
2⇡l (3.22)
with density ⇢, length l, width w, thickness t, radius of the cylinder r. For com-
mercial tips as in figure 3.6a silicon1 or silicon nitride (Si3N4)2 are being used, while
tungsten3 was used for the wire tips in this work.
In table 3.1 the expressions to calculate spring constant k and resonance fre-
quency ⌦0 for cantilevers in cylindrical and rectangular shape, are combined.
Deflection Read-Out and Feedback Control
All AFM methods are based on read-out of the deflection of the cantilever due to
force interaction with the surface. To measure the displacement of the tip on the
sub nm scale, most common methods are using reflected laser light of the cantilever
backside (beam deflection method) [99].
A laser beam is focused on the back of the cantilever and is reflected back onto
a four-quadrant photodiode (4QD). Any deflection of the lever causes a certain
1 Esilicon = 1.69 ⇤ 1011 Nm2 , ⇢silicon = 2330 kgm3
2 ESi3N4 = 1.5 ⇤ 1011 Nm2 , ⇢Si3N4 = 3100 kgm3 [1]
3 Etungsten = 4.11 ⇤ 1011 Nm2 , ⇢tungsten = 19250 kgm3
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(a) Commercial, rectangle shaped probe. (b) Hand made, tungsten wire probe.
Figure 3.6: Examples for probes in scanning probe microscopy as used in this
work with typical rectangle shaped cantilevers (a) and cylindrical shaped, wire
based probes (b). Dimensions here:
(a) l = 130 µm, t = 6 µm, w = 40 µm, ht = 10 µm,
(b) l = 1200 µm, r = 40 µm, hs = 310 µm, ht = 150 µm.
Table 3.1: Spring constant k and frequency ⌦ of cylindrical and rectangular
cantilevers [1]. Variable are introduced in the main text.
Shape k ⌦0
Cylinder E 3⇡r
4
4l3
q
E 3⇡r
4
4l3(mc+0.24⇡r2l⇢)
Rectangle E wt
3
4l3
q
E wt
3
4l3(mc+0.24wtl⇢)
quadrant to collect more light than the others, which is measured electronically.
The di↵erence between the top and the bottom quadrants (T-B signal) is highly
sensitive to changes of the deflection of the cantilever. Feed back loops are used
to regulate the distance between probing tip and sample. The most simple and
common method is feed back in contact mode. Here the tip in static contact with
the sample and bends due to force interaction with the surface. Set-point here is
the absolute deflection o↵set from the equilibrium position. The Lennard-Jones
potential describes the interaction force between tip and sample as combination
of the long-range attractive van der Waals and the short-range repulsive atomic
potentials [100].
Non-Contact Mode In non-contact mode the cantilever is mechanically excited
with a piezoelectric actuator to oscillate at its resonance frequency ⌦0.
In close proximity to the surface, the interaction force gradient  F/ z between tip
and sample cause a change of the resonance frequency and the dampening of the
system, resulting in a change of amplitude and phase of the oscillation. Both values
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can be used as control signal to keep the mechanical interaction between tip and
sample constant by feeding the signal to the (piezo-)actuators to increase/decrease
z accordingly. Thereby one directly gathers the topography of the sample, provided
that the mechanical properties of the sample are the same. Presumed, the oscillation
is small compared to the length scale on which  F/ z changes, the new resonance
frequency can be approximated by a change in e↵ective spring constant ke↵ /  F/ z.
A repulsive force (F > 0) increases the resonance frequency whereas an attractive
force lowers it. The shift of the resonance frequency is used to control the distance
between tip and sample via a feedback loop. This loop either works to compensate
changes in amplitude (amplitude-modulated (AM) control) or resonance frequency
(frequency-modulated (FM) control). Both methods keep the resonance curve of the
cantilever at a fixed position while measuring profiles of constant gradient.
For the AM (also known as tapping-) mode, the excitation frequency and am-
plitude are constant. The shift of the resonance curve due to the interaction force
causes a decrease  A of the oscillation amplitude, which is measured. A single con-
trol loop acts to keep that measured amplitude at the set-point, an o↵set to the free
oscillation amplitude, away from sample. In principle, the set-point can be anywhere
between 99% and 20% of the free oscillation. However, to avoid artifacts caused by
high interaction forces and ensure harmonic tip movement, which is a prerequisite
for s-SNOM, the set-point is adjusted to be as close to the free oscillation amplitude
as possible, usually at 90–95%.
In the more advanced FM mode, the phase shift P of the resonance frequency is
measured and a phase locked control loop (PLL) ensures that the cantilever is always
excited at its actual resonance fr. This technique allows an additional control loop
to set the oscillation amplitude by adjusting the excitation amplitude [101]. It is
the FM mode that is able to keep the scattering conditions constant in s-SNOM and
that is used throughout this thesis if not stated di↵erently.
For the s-SNOM investigations, we operate the AFM in non-contact mode. The
sinusoidal distance modulation of the oscillating tip in this AFM mode causes a mod-
ulation of the highly distance-dependent optical signal, the prerequisite for allowing
us to separate the near- and far-field signals from each other using higher-harmonic
demodulation (see section 3).

Part II
Broadband THz Near-Field
Spectroscopy

4 Broadband THz Near-Field
Spectroscopy: Setup and
Methods
To realize broadband THz spectroscopic experiments with a spatial resolution far
below the di↵raction limit, an instrument combining THz time-domain spectroscopy
(TDS), asynchronous optical sampling (ASOPS) and s-SNOM 1 has been realized.
In this chapter, the setup sections and key experimental methods is presented.
Setup Overview
In the following, an overview of the experimental setup is presented before a detailed
description of each component follows in the trailing chapters.
Figure 4.1 on the following page shows the general layout of the experiment.
A Ti:Sa laser provides a near-infrared beam that is used for both generation and
detection via EOS. The beam follows along four sections (marked as boxes in the
figure):
1. To drive the THz generation , the Ti:Sa laser is focused on a photoconductive
emitter (section 4.1) and, by splitting o↵ 3.7%, is source of the probe beam
for the
2. THz Time-Domain Spectroscopy where the probe pulses can be delayed with
a mechanical delay stage to allow sampling of the THz pulses in the time
domain (section 4.3) (THz-TDS).
3. The THz radiation is then used for s-SNOM (section 4.5.2) with the home
built AFM as centerpiece (see section 4.4), or for far-field transmission spec-
troscopy (not shown in the figure).
4. Finally, THz radiation and probe beam are combined by an optical transparent
mirror for detection by EO sampling (section 4.2)
1 In the context of this work, infrared and far–infrared THz radiation is associated with optics
btw in the general sense of electromagnetic radiation. (See chapter 1.1)
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Figure 4.1: General optical layout of the complete spectroscopic THz s-SNOM
setup. A Ti:sapphire femtosecond laser (red, dashed) is used for generation of
the THz pulses (green). 3.7% of the fs laser beam is deflected with a pellicle
beam splitter (bs) to the Time Domain Sampling setup, which can be optionally
replaced by an asynchronous optical sampling setup. Central piece of the s-SNOM
setup is the custom-made paraboloid mirror (m1). It serves both for focusing the
THz radiation on the AFM and for re-collimating the sideways scattered (and
near-field information carrying) radiation. Parabolic mirror m2 is perforated and
combines the THz beam with the fs probe beam on a standard EO detection
setup.
The distinct components THz generation, AFM, s-SNOM optics, TDS / ASOPS
spectroscopy and EO detection are explained in following section and figure 4.3.
Optionally, ASOPS as purely time-domain method instead of the mechanical
delay-line for THz-TDS , has been installed. The near-field extraction method will be
detailed in section 4.5.2 and the used THz near-field scattering probes are described
in section 4.6.
4.1 THz Generation
The THz light source in this setup is a femtosecond laser driven commercial GaAs-
based photoconductive switch (as described in section 2.1) which generates spectrally
broad few-cycle radiation pulses with the peak power centered at 1 THz,2 [102]. The
schematic of this multi-electrode structure is shown in figure 4.2 on the next page.
For a general introduction to pulsed THz generation see section 2.1.2.
The kind of emitter used here consists not of only one electrode pair but a linear
2 Tera-SED large area THz emitter, Gigaoptics, Konstanz, Germany (now LaserQuantum)
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Figure 4.2: Schematic sketch of the THz emitting setup with the enlarged
commercial emitter as cross section. With applied bias voltage the electric field
direction is reversed between successive interdigitated finger electrodes (1). An
optically opaque metal layer (2) is applied between every other finger pair such
that optical excitation in the GaAs substrate (3) is only possible in areas ex-
hibiting the same electric field direction (black arrows). THz radiation emitted
from the device thus interferes constructively in the far–field (green arrows) and
is being collimated by parabolic mirror m3.
array of electrodes with a spacing of 5 µm. This allows to harness the full available
power of the near-IR laser (of about 800 mW, see below) compared to simpler single
antennas which allow for only 10–20 mV irradiation power before breakdown [102].
Further, the radiation generated by this multitude of local THz sources interferes
constructively in the far-field, which results in a more directed beam perpendicular to
the electrodes. The polarization of the THz radiation is determined by the geometry
and orientation of the metal structures on the emitter and is in our case linearly
polarized.
A Ti:Sa laser 3 beam is weakly focused by a lens (f2 = 400 mm) onto the emit-
ter. The spot size is kept at about 300 µm in the order of the main THz emis-
sion wavelength, for optimal conditions [103]. A sharper focusing results in higher
field intensity but in a wider opening angle of the emitted radiation, whereas a
wider focus results in a weaker but more directed THz beam. A parabolic mirror
(m3, fe↵ = 25 mm) is used for collimation of the radially emitted radiation, and the
polarization is set to be vertical (see figure 4.6 and 4.7.) With the emitter is biased at
Ubias = 10 VDC (20kV/cm), the local THz electric field of about 1kV/cm is achieved. It
generates a 0.1–2.5 THz output beam at an estimated CW average power of 9 µW.
4.2 Electro-optic THz Detection
The THz radiation in form of distinct few-cycle pulses is recorded with an EO
receiver setup which allows for very sensitive measurements of the electric field of
3 Femtosource Compact, frep = 125.12MHz, FemtoLasers, Vienna, pulse length 10 fs, center
bth wavelength 800 nm, average power 500 mW
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the THz pulses in amplitude and phase [51]. Figure 4.3 shows a schematic and the
realization in the setup. The basics of EO are introduced in chapter 2.2.3.
The super imposed THz and probe beams are focused by the parabolic mirror
f1,e↵ = 25 mm onto a ZnTe crystal. A Wollaston prism acts as polarizing beam
splitter and separates the orthogonal field components of the probe pulse. A dual
(x1 and x2) photo detector 4 measures their di↵erence. The  /4 plate is oriented in
such way, that without THz field the photo detector channels are balanced, thereby
canceling laser noise. As output signal of the detector, a voltage signal (+10 to-
10V) which is proportional to the electric field of the THz pulse at a set time t0 is
measured.
Figure 4.4 shows the resulting spectra of three di↵erently thick ZnTe crystals used
for the THz receiver. The optimal thickness for the ZnTe crystal was found to be
1 mm as it shows the optimal response for the desired spectral region of 1–2.5 THz.
Due to the dispersion in ZnTe, where ngroup(800nm) = 2.853 and nphase(1THz) =
4Model 2107-FS 10 MHz bandwidth, New Focus Newport
(a) Sketch of the electro-optic receiving setup.
(b) Photo of the electro-optic receiver setup.
Figure 4.3: Electro-optic receiving setup as sketch (a) and photo (b). Super
imposed THz (green) and probe beam (red, dotted) are focused by parabolic
mirror f1 (f1,e↵ = 25 mm) on a 1 mm (110) cut zinc telluride (ZnTe) crystal.
The  /4 plate and polarizing beam splitter (bs) separate the field components
of the probe beam. Lens f2 focuses the probe beam on the di↵erential balanced
photo detector which measures a signal (x1 x2) proportional to the birefringence
induced by the THz e-field in the crystal.
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Figure 4.4: THz amplitude spectra recorded in ASOPS mode with di↵erent
ZnTe crystals of 0.4 mm(green), 0.5 mm (pink) and 1.0 mm (red) thickness. The
bold lines are smoothed from the thin plot lines for clarity.
3.178, the group-phase-velocity mismatch leads to di↵erent SNR and a distortion of
the recorded spectrum when using thicker crystals [104]. Thicker crystals lead to a
larger SNR at lower frequencies, though at a smaller total spectral bandwidth, with
reversed e↵ects for a thinner crystal.
To summarize: The EO receiver allows the detection of amplitude and phase of
one gated snapshot of the THz transient, as each of the 10 fs probe pulses are much
shorter than the few-cycle 2–7 ps THz pulses. The electric-field amplitude can be
approximated as constant for the duration of the passing of one probe pulse. In
e↵ect, the whole THz transient can be sampled by shifting the fs pulse against the
ps THz pulse in the time-domain as explained in the next section.
4.3 THz Time-Domain Spectroscopy
The THz radiation in form of distinct few-cycle pulses is recorded with a synchro-
nized fs probe pulse in the EO receiver setup which allows for recording the amplitude
and phase.
As fs probe pulse and THz pulse originate from the same source, they are inher-
ently synchronized. Thereby the 10 fs probe pulse always samples a distinct time
fraction of the THz transient. By shifting the probe pulse arrival at the ZnTe crystal
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against the ps THz pulse in steps of  t, the whole THz transient waveform can be
sampled as a function E(t + N t). Subsequent Fourier transformation determines
both the amplitude and phase spectrum of the THz radiation E(f). For more details
see introductory section 2.2.3. The setup contains two distinct and interchangeable
THz sampling schemes: Conventional step-scan THz-TDS, and a novel sampling
method using a second fs-pulse laser which allows for sampling without any moving
parts (asynchronous optical sampling (ASOPS)). These realizations are shown in
figure 4.5 and will be detailed in the following sections.
(a) Conventional THz Time-Domain Sampling of the THz pulses
(b) Asynchronous Optical Sampling with an additional 10 fs Ti:sapphire laser
operating at a slightly di↵erent repetition rate.
Figure 4.5: TDS and ASOPS schematics
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Step-Scan THz sampling
Figure 4.5a shows a schematic for the step-scan THz-TDS setup (THz-TDS).
For this method we generate the probe beam by splitting o↵ 3.7% of the fs laser
beam by a beam splitter. The probe pulse is delayed in time t by changing the travel
length s with a corner cube mirror5 in steps on a computer controlled motorized
translation stage6. A mirror shift by  s then translates to a time delay  t = 2⇤ sc . A
waveform generator drives the bias voltage of the emitter with a square waveform
of up to 10V amplitude at frequencies of 5-10 kHz. A LIA filters the signal of the
balanced photo detector at the set frequency. Subsequent Fourier transformation
determines both the amplitude and phase spectrum of the THz radiation.
The original THz pulse generated by the emitter is expected to exhibit a transient
waveform of about 2–7 ps. Absorption by ambient atmospheric water causes strong
and sharp features in the typical THz spectrum, resulting in a 60 ps long transient,
corresponding to a mirror translation of 9 mm.
To avoid the etalon e↵ect represented here as the echoed replica pulse, 8 ps after
the original pulse, is evoked by internal reflection in the ZnSe crystal, (see figure 5.1
on page 60) and to reduce the duration of measurements, only the first 7.35 ps of the
THz pulse are scanned during the near-field experiments, corresponding to a mirror
shift by 1.1 mm and a frequency resolution of 0.14 THz after Fourier transformation.
A Hamming apodisation window is applied to minimize the e↵ect of transforming
a non-complete waveform. For near-field measurements the mirror velocity was
reduced to 1 µms , resulting in a total recording time of 19min.
Asynchronous Optical Sampling
The second explored spectroscopy mode, called ASOPS, is illustrated in figure 4.5b.
It relies on the shift of probe and THz pulse purely in time due to a distinct di↵erence
in repetition rate of the THz generating laser and a second asynchronous laser used
for the probe pulses. This method augurs a rapid and vibration-free recording of
spectra as it needs no moving parts on the optical table which can disturb sensitive
AFM operation. The ASOPS mode was realized as follows:
The probe beam for sampling is provided by a second almost identical femtosec-
ond laser7, which is running at a slightly but distinct di↵erent repetition rate frep,2
compared to the laser providing the beam for excitation of the THz emitter (see fig-
ure 4.5b). The repetition rate frep,2 can be adjusted by shifting one resonator mirror
in order to change the cavity length. For larger changes (> 10 kHz) a stepper motor
is used whereas a piezo element is applied to set the exact frequency. The repetition
rate is obtained by detecting di↵use scattered light with an avalanche photo diode8
5 1 inch gold coated corner cube mirror, Edmund optics
6Mike Controller model 18011, Oriel
7 Femtosource Compact, FemtoLasers, Vienna. Ti:sapphire 10 fs laser pulses at  center = 800 nm
bth and frep = 125 MHz
8APD210 avalanche photo diode, Menlo Systems
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and measuring the frequency with a microwave counter9.
As detailed in section 2.2.3, ASOPS actually scales the THz fast far-IR signal to
a MHz fast near-IR optical signal which can be recorded by commercially available
photo detectors with bandwidths in the range of e.g. 10 MHz. The di↵erence fre-
quency  frep = frep,1   frep,2 is suitably o↵set, usually by 375 Hz. At this setting
the THz spectrum is down-converted by the factor 125 MHz/375 Hz = 333, 333 so
that 1 THz appears at 3 MHz, and the whole spectrum up to 3 THz fits the 10 MHz
bandwidth of the balanced detector10.
The THz transient waveforms are recorded by a digital oscilloscope11, which is
able of calculating the Fourier transform in real time at a convenient rate of 20 s 1.
This allows a fast sweep of the time delay between THz and probe pulses without
any moving components and returns THz far–field spectra in real time. For weaker
signals, the oscilloscope needs to be triggered to allow averaging of the transients.
This trigger is realized by deflecting 5% of each laser with a pellicle beam splitter
and commonly focusing on a beta barium borate (BBO) crystal. When both lasers
coincide in space and time the BBO generates frequency doubled (400 nm) light to
be detected by a photomultiplier which produces the trigger signal and further to
conveniently measure the repetition rate di↵erence with a pulse counter.
For the averaging of the recorded waveforms the temporal stability of the laser
setup, especially the repetition rate of the two lasers, is crucial. After warming up
in the laboratory, which is temperature stabilized to ±1K, the two lasers keep a
stable di↵erence in frep for nearly 60 seconds with  frep < 1 Hz, without additional
active stabilization e↵orts. Drifts in  frep can be compensated dynamically during
the measurement by adaption of the voltage of the piezo-mounted cavity mirror.
Optionally, a proportional–integral (P–I) controller in combination with a LIA can
be used. Such a control loop however may introduce additional jitter which would
ultimately limit the SNR.
Comparison of ASOPS and Step-Scan THz-TDS
ASOPS is potentially a favorable technique as no moving parts are present in the
setup which is welcome for sensitive AFM operation. Beam path adjustments can be
performed dynamically as the spectrum can be displayed in real time. Furthermore,
no mechanical wear of the delay stage has to be feared and the system stability
relies only on the stability of the involved lasers. Single spectra recording time with
ASOPS is fast with 375 Hz compared to the fastest step-scan in our experiments
which took 5 seconds. The SNR per recorded spectrum though is considerably
weaker compared to THz-TDS, as only a fraction of the THz and probe pulses can
actively be used for measurement: The THz E-field can only be electro-optically
detected when both pulses overlap in time. In step-scan THz-TDS the probe is
9 EIP 371 source locking microwave counter, EIP Microwave Inc.
10Model 2107-FS 10 MHz bandwidth, New Focus Newport
11Wavesurfer 422, LeCroy (now Teledyne LeCroy)
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scanned from the start of the THz pulse t = 0 s to its end e.g. tTHz pulse = 8 ps in a
given measurement time. In ASOPS the probe continuously scans not only the 8 ps
pulse but always the whole repetition cycle of the THz pulse train frep = 125MHz!
trep = 8ns.
Concluding, the advantages in single spectrum recording speed and experimental
flexibility are nullified when the signal is so low that the necessary averaging times of
the spectra exceed the fastest acquisition time with the step-scan THz-TDS setup,
which lies in the range of 5 seconds. Especially average times of more than 60
seconds become critical as the constant di↵erence in repetition rate of the Ti:Sa
laser is hard to stabilize over a long time with the required deviation of less than
1 Hz at a base repetition rate of 125 MHz.
As will be shown in section 5.3, far-field acquisition times of 5-10 seconds are
necessary 12 and acquisition times for near-field spectroscopic measurements even
exceed 20minutes. As a consequence ASOPS mode is used for s-SNOM alignment
and far-field spectroscopic measurements only and actual THz s-SNOM operation
proceeds by using conventional step-scan THz-TDS.
4.4 Description of the Atomic Force Microscope
The central piece of the setup is a home-made AFM with an integrated custom
parabolic mirror with the probing tip in its focus. A photo and a schematic of the
AFM are shown in figure 4.6 on the following page.
A digital controller 13 operates the AFM in constant frequency, amplitude feed-
back mode (”tapping mode”). For more details, see AFM introductory chapter 3.4.
While the sample is scanned, the probing tip is fixed in the laser focus in order to
keep the alignment to the illuminating laser intact.
The cantilever oscillation read-out is realized by the beam deflection principle. A
fiber coupled pointed laser14 is deflected from the cantilever backside under an angle
of 45  and measured by a 1 cm diameter 4QD, shown in figure 4.6. This deflection
laser is mounted on a 2-axis kinematic mount and the 4QD is mounted on a 3-
axis translation stage in a rather long distance of 15 cm to the cantilever, to allow
for good optical accessibility of the tip as well as adoption to di↵erent cantilever
dimensions and geometries. The latter is crucial for operating home–made wire
based probes, as the wire cantilevers vary in shape and position. These hand-made,
full metal wire scanning probe tips (see section 4.6) are operated at typical oscillation
amplitudes of 100–300 nm corresponding to their determined tip apex radius, with
a maximum oscillation amplitude of 300 nm. Resonance frequencies range from
16-30 kHz. In order to avoid near-field signal artifacts [105], the amplitude setpoint
for AFM operation is typically set above 90% of the free oscillation amplitude.
12 3500 spectrum averages (9.3 seconds) result in a SNR of 30 dB (peak spectrum to noise)
13Anfatec Instruments AG, Model DS4, Oelsnitz, Germany
14 Schaeftler & Kirchho↵ power adjustable up to 5 mW,   = 659nm
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(a)
(b)
Figure 4.6: Photography of the s-SNOM setup (a). Visible is the deflection
laser (1) and its associated 4QD, both mounted on kinematic stages, accentuated
in (b) for clearance. Focusing mirror (M) is mounted on a combined x,y,z piezo
and kinematic stage, scanning stage (S). The AFM head combines probing tip
and shaker piezo and is re-positionable mounted with a magnetic base plate.
4.5 Optical Layout 53
The AFM head including the probe tip and shaker piezo is mounted on a mag-
netic repositioning mount and can be removed from the setup for tip exchanging
purposes, or be exchanged with a retro-reflector for THz beam alignment and far-
field spectroscopic measurements. The integrated focusing mirror, as part of the
optics, is detailed in the next section.
4.5 Optical Layout
In this section, the beam layout and the optical components of the setup are pre-
sented. The system is designed such that, with minor changes, far-field transmission
spectroscopy as well as near-field experiments can be performed.
4.5.1 Transmission Spectroscopy
For measuring far-field spectra of the generated THz pulses, the setup can easily
be modified by placing a retro-reflecting mirror pair in the beam-path before the
s-SNOM focusing mirror. The samples for transmission THz spectroscopy then
are mounted 3 cm after the THz collimating mirror. In step-scan THz-TDS mode,
the delay stage has to be translated accordingly by 5.5 cm to compensate for the
change in path length due to the inserted mirrors. Additional compensation needs
to be considered for any optical length change that is introduced by any volumetric
transmission sample. For ASOPS mode measurements any length changes in the
setup are automatically compensated electronically by change of the time o↵-set
relative to the BBO trigger signal.
4.5.2 Near-Field Optics
The most defining part of a near-field optical microscope is the optical layout at
the scattering probe. The scattered radiation is collected in the far–field, not in the
specular reflex but at 90 .
As introduced in chapter 3, the scattering-type near-field optical approach is
applied, which is proposed to allow truly wavelength- and sample-independent mea-
surements. An illustration of the focusing optics is shown in figure 4.7. Central piece
is custom-made paraboloid mirror (m)15. It serves both for focusing the vertical-
polarized radiation on the probing tip and for re-collimating the 90  sideways scat-
tered (and near-field information carrying) radiation. This particular geometry al-
lows for work without a beam splitter that is commonly used in back-scattering
s-SNOMs, [89, 106], a notable advantage for broadband-spectroscopic applications
as beam splitters with spectrally flat performance in the THz regime are hard to
achieve.
15 fm = 10 mm, opening angles: 55  horizontally and 5-60  vertically
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Figure 4.7: Optical layout at the scattering probe. A single custom-made
parabolic mirror (m) is used for illumination of the tip (t, not in scale) and
sample (s) junction. The same mirror is also used for collecting the sideways
scattered THz radiation (green).
For focus adjustment, the mirror can be translated in x,y,z with micro meter
screws as well as by a closed-loop piezo cube 16 which provides xyz-translation of
100 µm. Note the flattened front part of the mirror, as this planar reflective surface
can be used to reliable align the paraboloid orthogonal to the incoming beam [107].
This is crucial to achieve a good focus without artifacts like Koma. The back
scattered radiation is detected by an EO receiver setup which allows for detection
of amplitude and phase of the near-field signal as described in section 4.2.
Near-Field Extraction
Anticipating that most of the scattered signal probably would stem from background
scattering of the shaft and sample, not radiatively connected with the tip apex,
we employ a far–field filtering method for detecting the near-field portion of the
scattered signal, the higher harmonic demodulation technique (see chapter 3 for more
details). As shown in [89,108], demodulating the detector signal at multiples of the
oscillation frequency is an excellent means of e↵ectively suppressing this unwanted
background scattering. The output of the EO receiver is fed to a LIA17 with the
signal of the 4QD at the tip oscillation frequency ⌦ as reference. To reveal the
near-field signal the LIA is set to filter at multiples n ⇤ ⌦ with n = 1, 2, . . . of the
reference oscillation frequency.
16NanoCube P-611.3s, Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany
17 SR-830, Stanford Research Systems
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For employing THz-TDS, two operational modes for recording the near-field
signals are used:
Spectral Recording
Here, with the tip in (tapping mode) contact, the complete available THz spectrum is
measured by moving the delay line, recording the entire THz pulse. While revealing
information of the whole THz spectrum (30–300 µm), it is a time consuming process.
As shown in the results, the recording of a near-field spectrum at 2⌦ on a metal
sample takes 19min.
Integral Recording
A way to record a near-field signal with acceptable SNR despite reduced integration
time, is to keep the delay fixed at the position of the field amplitude maximum
(peak position t0). Although the spectral information is lost, this way of measuring
provides an integral signal over the spectrum of 0.1–2 THz as a measure of near-
field intensity and allows to fine tune and align the optical components. The integral
method is used to record approach curves, and was used to gain spectral unspecific
THz near-field response in image scans.
4.6 Full Metal Tips as Scanning Probes
In s-SNOM measurements, signal levels are on the edge of detectability and an
increase of the SNR is one of the main challenges especially for long wavelength
THz radiation. A key part of this is to enhance the scattering e ciency of the
scattering probe. So far the most successfully used probes for s-SNOM in the visible
to mid infrared regime are commercial silicon AFM tips with a reflective metal
coating [95,106,108–113].
THz near-field experiments performed with the photoconductive THz emitter
using these commercial, metal-coated AFM tips showed not enough THz signal above
the noise limit. Reasons for this lie in the distinct properties of THz radiation:
1. Low power of the THz source. Compared to illumination intensities in s-SNOM
setups that are usually in range of mW, the average power of the THz emitter
is in the region of µW only, being orders of magnitude weaker.
2. The focus size of the THz radiation in our setup was determined to a full width
at half the maximum (FWHM) of 1 mm. Although not much larger than the
di↵raction limited optimal focus size for a Gaussian beam, which would be
about 600 µm, it is much larger compared to the tip height of 25 µm, therefore
only a fraction of the illumination intensity can be coupled into the tip-sample
system.
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3. The skin depth of the low-frequency THz radiation in comparable metals
(e.g. 30–60 nm for Au at 1 THz) [114] is far greater than the metalization
thickness of the silicon tip of nominal 10 nm. Therefore, a significant amount
of the radiation energy is scattered and/or absorbed by the silicon core.
To alleviate the influence of all these aspects, metal wire based probing tips
were fabricated. The solid metal counteracts the skin-e↵ect dampening, the tip
shaft dimension can be tailored to act as an antenna for the THz radiation, and a
larger tip radius increases the near-field coupling with the sample though limiting
resolution. Figures 4.8, 5.4 and 5.6 show exemplary tips used for the experiments.
To fabricate these tips a 65 µm diameter tungsten wire is glued to a Si chip and
then bent by tweezers to form cantilever and tip shaft of desired lengths. Sharpening
of the tungsten tip is realized, by electrochemical etching in 3mol/l NaOH at 3Vdc
in a current controlled process [115]. Afterwards, the resulting tips are characterized
in a scanning electron microscope (SEM). The wet etching process results a wide
range of tip apex geometries and tip radii ranging from 50 to 500 nm. Even extended
optimization and variation in the fabrication process achieved a yield of tips suitable
for scanning probe purposes of less than 15%. Several examples of possible resulting
shapes are shown in the appendix.
Nevertheless these kind of scanning probes have been used to successfully detect
the first THz near-field signals with the setup described above [6].
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Figure 4.8: Scanning electron microscope image of hand–fabricated cantilevered
s-SNOM probe (#30) used for tapping-mode operation. 65 µm W wire bent
and electrochemically etched to a tip radius below 800 nm. T30 characteristics:
cantilever length: 1.4 mm, tip length: 350 µm, tip radius: 1–2 µm Resonance
frequency fr = 15.6 kHz.

5 Results
In this chapter, the results achieved with the above-described setup are presented.
Far-field transmission spectroscopy for general optimization and characterization at
the example of a hole array THz high-pass filter are shown in section 5.1. Then, THz
near-field signatures have been recorded as first proof of principle which show up to
150 nm resolution (see section 5.2). Moreover, local near-field spectra on gold sam-
ples have been recorded and compared to the far-field spectra (section 5.3). Finally,
full broadband THz near-field spectroscopy of n:Si at di↵erent doping concentrations
are demonstrated (section 5.4).
5.1 Far-Field Spectroscopy
The spectroscopy setup and its components are described in detail in chapter 4.
In order to characterize and optimize the emitter detection and sampling compo-
nents, far-field spectroscopic measurements of the emitter spectrum (5.1.1) Have
been recorded. As reference- and frequency calibration sample, the transmission
spectra of a high-pass filter (5.1.2) have been performed with ASOPS and THz-
TDS. Also the directly backscattered spectrum of the custom wire tips have been
recorded for comparison with their near-field spectra in 5.1.3.
5.1.1 Spectrum of the THz Emitter
Figure 5.1 shows the THz pulse as generated by the THz emitter and its (input)
spectrum, recorded in ASOPS mode. To record the input spectrum, a retro-reflecting
mirror pair was placed in front of the focusing paraboloid. In this measurement,
the data of 1000 waveforms were averaged with  frep set to 100.1 Hz, resulting
in an acquisition time of 10 s. A time frame of 24 ps is recorded which results in
a frequency resolution of 0.05 THz, enough to reveal the many strong and sharp
absorption features above 1.5 THz caused by ambient H2O in the laboratory air
(see AppendixE).
The power spectrum shown in figure 5.1b is obtained by Fourier transformation
of the waveform applying a Hanning apodisation window to reduce artifacts from
non-zero values on both ends of the waveforms. Its shape is typical for fs laser driven
photoconductive emitters: A continuous broad spectrum ranging from 0.2 THz with
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its maximum at 1 THz and rapidly falling intensity above 1.5 THz. The signal was
recorded up to 3 THz, revealing the great dynamic range of this recording method of,
here, 35 dB. Notice the apparent reappearance of the main peak after 10 ps in 5.1a.
This replica artifact, known as etalon e↵ect, is caused by internal reflection of the
probe pulse in the ZnTe crystal. With an index of refraction nZnTe(800 nm) = 2.84
[116] a travel through 1 mm ZnTe matches a time shift of 9.5 ps which fits to the
onset of the replica peak. This results in a modulation of the actually smooth
spectrum, here especially visible in the 0.3–1 THz area.
5.1.2 High-Pass Cut-O↵ Filter
To determine the far-field spectroscopy performance of the setup, as well as for
frequency calibration, the far-field transmission spectrum of a drilled hole array in a
copper plate was measured. SEM images of the structure are depicted in figure 5.2. 1.
The spectrum has been recorded in ASOPS mode under the same conditions as
the data in figure 5.1 As clearly visible, this hole array acts as high-pass filter at
0.83 THz. The SNR close to the center of the THz pulse at 1 THz can be determined
as well to be 40 dB. This is quite useful as the electro-optic detection with ZnTe does
not have a flat spectral response, but follows roughly the same shape as the GaAs
based emitter and the noise floor above 3.5 THz is always a combined e↵ect of emitter
and detector. The sharp edge in the spectrum was used for frequency calibration
and verification of the ASOPS.
1 Filter nr. XXIX hole diameter: 192 µm, period: 246 µm, thickness: 750 µm, home-built
(a) input THz pulse, zu ersetzen mit trace
aus Laborbuch S28 (b) power spectrum
Figure 5.1: (a) Waveform of the original emitter signal (input) recorded in
ASOPS mode and its according power spectrum (b). The SNR of 35 dB is com-
parative to a THz-TDS measurement with the same acquisition time of 10 s. No-
tice the etalon e↵ect in the spectrum due to inclusion of the replica signal pulse,
appearing 10 ps after the original, and the strong and sharp water absorption
features.
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Figure 5.2: SEM image of hole array cut-o↵ filter used for transmission spec-
troscopy. A copper plate of 750 µm thickness with a drilled hole array which
spans a 1 cm2 quadratic area. Hole diameter 192 µm, period 246 µm.
(a) Transmission of high-pass filter (b) power spectrum
Figure 5.3: THz pulse waveform (a) and its Fourier transformed power spectrum
(b) after transmission through hole array (see figure 5.2) which acts as 0.83 THz
high-pass filter.
For averaging the waveforms, the  frep has to be kept constant, which limits
the acquisition time to about 60 seconds due to drift in  frep, as the lasers are not
actively stabilized. A practical limit has shown to be about 10 s, which nullifies the
advantages of ASOPS for the measurement of very weak signals as experienced in
s-SNOM experiments. As a consequence, for near–field experiments the single laser
step-scan THz-TDS mode is preferable as the weak backscattered signal intensities
make long acquisition times necessary and the lower complexity and proven relia-
bility makes step-scan THz-TDS the favored option. This is valid until pulsed THz
sources that are at least one magnitude of power stronger are available.
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5.1.3 Tip Scattered Radiation
Here, the scattering behavior of a specific tungsten tip (T21) is discussed. A SEM
image of the tip is shown in figure 5.4.
Figure 5.5 shows the emitter spectrum (input spectrum) compared to the direct
scattered far-field spectrum of the scattering probe (depicted in figure 5.6) in contact
with a gold sample. The acquisition times for the input spectrum the scattered
spectrum have been 12.5 s and 60 s respectively to reduce the noise level to account
for the weaker scattered signal. To avoid the etalon e↵ect, a time frame of 7.35 ps has
been chosen for recording the THz transient. This results in a frequency resolution
of 0.12 THz.
Both spectra are found to have essentially the same shape, while the onset of
the backscattered spectrum below 0.5 THz (600 µm) exhibits less scattered signal
as compared to the input spectrum. From this we infer that the tip acts as a rather
broadband antenna for wavelengths smaller 600 µm. In particular, the spectrum
does not show an amplitude decrease with rising frequency as reported when using
extended tips with lengths (> 30 mm) much larger than   [117]. The tip used here
has an active tip shaft of ⇡ 250 µm.
In general, the scattered amplitude was determined to be about 3% of the input
amplitude, which means that the power e ciency of side-scattering is only 0.09%.
Expected from the angular aperture of the focusing mirror, which collects as much
as 12% of the scattered radiation, when the scattering is isotropic into the half space
above a fully reflecting sample.
Figure 5.4: SEM image of hand–fabricated cantilevered s-SNOM probe used
for tapping-mode operation. A tungsten wire of 65 µm diameter was bent and
electrochemically etched to a tip radius below 100 nm.
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Figure 5.5: Experimental THz amplitude spectra of the input signal (black)
and the directly backscattered signal from the probing tip in contact with an Au
sample (blue), recorded in step-scan THz-TDS mode.
Therefore, it seems there is room left for improving the coupling of the THz beam
to the tip by systematically engineering its antenna dimensions and properties, as
already accomplished in an earlier, pioneering use of nano-focusing of THz beams by
appropriately dimensioned and oriented ”catwhisker” antennas [118]. For this work
though such elaborate techniques were not available.
5.2 Near-Field Signatures
A necessary and su cient experimental proof of near-field interaction is the occur-
rence of a steeply rising scattering amplitude when a sample is approached to the
tip. This is predicted by the point-dipole model as described in chapter 3, and
routinely monitored in visible and mid-infrared s-SNOMs. The characteristic length
scale of this increase is proportional to the tip diameter and directly predicts the
lateral spatial resolution [108,119].
Near-field verifying experiments have been performed by approaching the tip to
a flat gold surface, while recording the integral near-field signal with the time delay
stage positioned to the peak of the THz transient (”zero delay”see section 4.5.2). The
recorded amplitude signal is demodulated at the first (1⌦) and second (2⌦) harmonic
of the tip oscillation frequency. In this experiment the time constant of the LIA was
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Figure 5.6: Scanning electron microscope image of hand–fabricated cantilevered
s-SNOM probe nr. 02 used for tapping-mode operation. It is made of 65 µm W
wire by bending and electrochemically etching. Cantilever length: 670 µm, tip
length: 250 µm, tip radius: 300 nm Resonance frequency fr = 14.2 kHz.
300 ms, and the retract speed was 4.5 nm/s corresponding to a recording time of
83 s. The scattering probe used for these measurements is shown in figure 5.6 2
Starting with the tip in feedback 3 we slowly retract from the sample and record the
signal changes. Figure 5.7 shows the normalized 1⌦ and 2⌦ demodulated signal,
for comparison. Here, the absolute 2⌦ signal, as shown in figure 5.3 is a factor
of 10 weaker than 1⌦. The tip oscillation amplitude rises from its 90% value to
that of its free oscillation, 300 nmpp, from this point (defined as 0 nm) amplitude
crosstalk to the signal intensity can be excluded. Note, that the signal decrease
cannot originate from changes in path lengths from the ”zero delay” peak position
during the retraction as the movement of the sample is perpendicular to the THz
beam k-vector. Further, the distance is less than 1 µm which would translate to a
time shift of just 3.3 fs (0.003% of the 1 THz cycle).
Both 1⌦ and 2⌦ signals su↵er from noise which results in the dips and bumps in
the signal during retraction. Nevertheless the demodulated field amplitudes decay
at a characteristic distances from the sample and bear some characteristics of near-
field interaction. Since the 1⌦ signal does not fall to zero at large distance though,
we conclude it is contaminated by background scattering. The 2⌦ signal, however,
is clearly dominated by near-field interaction, decaying occurs more steeply (to 1/e
of the signal at a distance of 150 nm) than the near-field part of the 1⌦ signal, in
2 Characteristic dimensions: cantilever length: 670 µm, tip length: 250 µm, radius: 300 nm
btw resonance frequency fr = 14.2 kHz.
3 Tapping-mode, with set-point 90% of free oscillation amplitude (300 nmpp)
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Figure 5.7: Approach curves of 1⌦ and 2⌦ demodulated THz signals using a W
tip (Tip nr.30, radius 300 nm) on a flat Au sample (three curves averaged). The
oscillation amplitude reduces when contact is made. The THz field amplitude
decays at a characteristic distance from the sample, giving the range of near-field
interaction which is connected to the attainable spatial resolution.
accordance with former experience in the mid-infrared [108]. Inferred from figure 5.7,
the tip size is of the order of 200–300 nm, agreeing with the SEM observation.
Concluding, we can state that indeed a near-field dominated signal of a THz
pulse emitter can be recorded with a tungsten wire probe in our setup. Although
already the 1⌦ signal bears some near-field characteristics it is necessary to record
at the second harmonic of the oscillation frequency 2⌦ to obtain background free
signal.
5.3 THz Near-Field Spectra
After demonstrating the capability of measuring an integral near-field signal, the
next step is to exploit the broadband nature of the THz source. In the following
the acquisition of a broadband spectroscopic THz near-field signal is demonstrated.
We now record the full THz transient of the higher harmonic demodulated THz
signal with the tip in tapping feedback with a gold sample. As the expected near-
field signal is too weak for ASOPS mode of operation, the following experiments
are performed with one laser in step-scan mode. The velocity of the mirror scan
is reduced to 1 µm/s to further increase the SNR. In addition, to avoid the etalon
e↵ect, only the first 7.35 ps (1100 µm) of the transient are scanned, resulting in a
total recording time of 19min. The reduction in frequency resolution (compared to a
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full scan) is acceptable as for the gold surface a flat response is expected. Depending
on the sample a higher spectral resolution though can be necessary.
The resulting 1⌦ and 2⌦ spectra in comparison to the original (input) and di-
rectly scattered spectra, are presented in figure 5.8. As probing tip a tungsten wire
probe (shown in figure 4.8) with a tip radius of 1 µm was used. Interestingly, the
1⌦ spectrum is similar in shape to the direct scattering spectra. This means we
observe no bandwidth selective or limiting antenna e↵ects for the near-field signal
compared to the directly scattered signal besides a spectrally flat reduction of the
signal by about one order of magnitude. The deep spectral dips at 1.6 THz and
2.5 THz result from water vapor absorption as already observed in the high resolu-
tion far-field spectrum (compare figure 5.1b). Further, detailed comparison of the
2⌦ spectrum though is di cult as it exhibits barely su cient SNR, especially above
2.5 THz, where the spectra are dominated by the noise level. However, a quantita-
tive comparison of the relative near-field signal levels expected in future experiments
Figure 5.8: Experimental THz-TDS s-SNOM spectra of Au. The input spec-
trum (black) is obtained by placing a mirror pair before the focusing paraboloid
at the tip. The far-field spectrum directly scattered at the tip (blue) and the
first (1⌦, green) and second-order demodulated scattering spectra (2⌦, red) are
shown. Acquisition times are: input: 12.5 s, direct scattered: 60 s, 1⌦, 2⌦:
1000 s.
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can be derived from the comparison to the input level, shown in figure 5.8.
5.4 Near-Field Spectroscopy of n:Si
In view of the presently attained SNR in 2⌦ a true sample scanning is not yet
practical. However it is possible to measure 2⌦ THz s-SNOM spectra of di↵erent
materials at distinct sample points of interest.
To evaluate the feasibility of THz near-field spectroscopy, antimony doped silicon
(Si:Sb) was chosen as sample. The spectral response of such a system is well known,
as the frequency dependant response of the free charges follows the Drude model [60]
(see section 2.3). To create test structures with such an integrated gold reference,
patches of 100 nm thick Au film were evaporated on di↵erently doped Si:Sb samples
with nc = 5 ⇤ 1018cm 3 and nc = 5 ⇤ 1016cm 3, respectively. For a quantitative
spectral analysis it is necessary to always record a reference signal, as the absolute
near-field intensity levels depend not only on the wavelength but strongly on the
specific tip geometries of the used probes. Here, gold acts as reference material
due to its spectrally flat response in the THz regime. The near-field spectra were
recorded in the same manner as for the experiments described above. In order to
ensure the same experimental conditions, the recording of the near-field spectra of
each n:Si sample occurred consecutively after measuring the near-field spectra of the
Au reference.
The recorded 2⌦ near-field spectra, each normalized to its Au reference spectrum,
are shown in figure 5.9 on the next page. The highly-doped Si has a rather flat
amplitude spectrum when referenced to Au, at a level of about 0.6. The lightly-
doped Si sample however has a significantly smaller relative amplitude of about
0.2 for frequencies above 1 THz, but somewhat less (0.05) at 0.8 THz, and up to
0.55 below 0.5 THz. To explain this behavior, the predicted complex near-field
scattering signal is calculated using the modified point-dipole model in conjunction
with the Drude model to account for the spectral response with me↵(Si) = 0.26m0
as the e↵ective electron mass and ✏1(Si) = 11.9 [120], the high-frequency dielectric
constant for Si. (See section 3.3 and 2.3 respectively for more details.)
sei' / (1 + r)
2↵
1  ↵ /16⇡(↵ + z)3 (5.1)
The predicted near-field amplitude-contrast spectra of Si vs. Au are shown in
figure 5.10, with free charge carrier density nc as parameter. As observed in fig-
ure 5.9, higher concentrations lead to a high scattering with nearly flat spectrum,
while indeed lower concentrations lead to a characteristic plasma-edge in the THz
region. Caution should however be taken in interpreting the data in figure 5.9 as
pure near-field spectra, because also background scattering still can be contained.
This is also expected to exhibit a plasma-edge spectrum through the Fresnel reflec-
tion factor r that accounts for sample reflection of parts of the illumination e↵ect
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Figure 5.9: Experimental THz s-SNOM amplitude-contrast spectra (2⌦) of
doped Si, normalized to Au (experimental dots; the curves are guides to the eye).
Compared to the rather flat spectral response of the nc = 5 ⇤ 1018cm 3 sample,
the nc = 5 ⇤ 1016cm 3 silicon exhibits less signal and a minimum at 0.8 THz,
which can be explained with the Drude model.
as well as of the background-scattered light. To examine this uncertainty, approach
curves should be taken on the Si samples. However at the current state this is not
yet possible due to weak scattering on Si and insu cient SNR.
5.5 Conclusion
The described experiments show that broadband THz s-SNOM is achievable by em-
ploying scattering in a non-forward direction and demodulating the THz signal at
the second tapping harmonic to suppress far-field background. For the first time,
the characteristic near-field signal behavior in approach to a gold sample surface
was shown. Furthermore, the THz-TDS method is used to obtain spectroscopic
near-field information. Finally, even comparative spectral s-SNOM measurements
of di↵erently doped silica have been performed. Broadband THz spectroscopy has
the exceptional potential to span a very large frequency range of about four octaves
(0.2–3 THz), much wider than has been accessible with a mid-infrared comb spec-
trum that has spanned only a third of an octave (28–35 THz) [121], or even a FEL.
Still, broadband THz near-field spectroscopy would need an increase of at least one
order of magnitude in SNR to be really feasible.
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Figure 5.10: Theoretical THz near-field amplitude-contrast spectra demodu-
lated at 2⌦ of doped Si normalized to the Au reference, calculated by the point-
dipole model for di↵erent free-electron densities ne
So, clearly an improvement of the signal is needed as the scanning of a sample
area for spectral imaging, even integral THz imaging, seems not feasible with this
method. To overcome this challenge, several options shall be discussed:
1. Even longer acquisition/averaging times: A valid method to increase SNR.
However, the 1000 s acquisition time in the presented data can already be
considered the upper limit for the AFM to assure a stable tip position at the
sample site without drift.
2. A better detection method: Electro-optic sampling is already seen as the most
sensitive and fitting method for measuring fs laser generated THz radiation. It
exploits the unique inherent synchronization with a probe pulse, and combines
sensitivity at the shot noise limit with a high dynamic range.
3. Better suited scattering probes: Here a probing tip of solid tungsten tip apex
radius of 1 µm was used. This rather blunt tip already helps to get stronger
signals as the scattering cross-section increases with tip diameter. However
the lateral resolution achievable with such a tip su↵ers.
4. A far stronger THz source: As the comparison of the spectra (figure 5.8)
reveals, the amplitude signal levels of 2⌦ are more than three orders of mag-
nitude weaker than the input levels. To allow recording of point spectra in a
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reasonable amount of time, a several mW strong THz source (compared to
the µW average emission of the photoconductive emitter used here) would
be necessary. In fact, recently a THz emitter, based on a photoconductive
antenna driven by an amplified laser system has been demonstrated, able to
generate 1.5 mW at a repetition rate of frep in the range of 100 kHz [122]. This
repetition rate, however, is yet too close to the resonance frequencies ⌦ of the
probing tip to allow for unproblematic higher harmonic demodulation of the
signals as the Nyquist-Shannon-Kotelnikov sampling theorem states that in
order to completely sample/ reconstruct a bandwidth limited signal it has to
be sampled at twice that frequency. This means that in order to demodulate
the e.g. 3⌦ component of the near-field signal, the sampling frequency frep
needs to be at least   2 ⇤ 3 ⇤ ⌦ = 900 kHz (with ⌦ typically ⇡ 150 kHz).
One THz source which alleviates the aforementioned challenges, the FEL, will
be introduced and used in the following part of this work.
Part III
THz s-SNOM with a
Free-Electron Laser
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In this part the extension and combination of the s-SNOM technique with the
narrow-band but highly tunable FEL as the THz-radiation source is presented. This
light source is able to cover the mid- and far-infrared (THz) region of the spectrum
at much higher intensities as typical pulsed photoconductive emitters, which allows
for the first time THz imaging with tip diameter resolution over such a wide spectral
width. The experimental setup including the FEL and a self build AFM is presented
in chapter 6. With this microscope, the worldwide first successful measurements
presenting THz imaging with a superb resolution covering the spectral region from
30–230µm (1.3–10 THz) are being presented and discussed in chapter 7.

6 FEL-powered THz Near-Field
Microscopy: Setup and Methods
The broadband THz-TDS basedTHz-s-SNOM setup (see chapter 4) opened the
door to true THz near-field experimentation with the prospect of achieving spectral
information with probe tip radius resolution. However, the average output of these
THz antenna systems proved to be comparably low, reaching some µW , only. For
feasible near-field scanning of a sample area average powers of about 10–100 mW
are very much desirable. Such a THz source with both enough power and spectral
coverage over one order of magnitude can be a free-electron laser (FEL). The change
of the THz source to the conceptually di↵erent FEL as well as the transition to
commercial tips, for more reliable and reproducible experiments, requires a complete
redesign and change of the setup.
In this chapter, the advanced experimental setup for FEL-powered THz near-field
microscopy is presented. The specific characteristics of the FEL are described in
section 6.1, followed by the THz detection method in section 6.2 and the description
of the THz-s-SNOM AFM and optical setup in section 6.3.
6.1 THz Radiation Source: Free-Electron Laser
FELBE
The achievements presented in the results chapter were accomplished with FELBE, a
FEL connected to the electron source with high brilliance but low emittance; situated
at the Helmholtz Zentrum Dresden–Rossendorf (ELBE). Theoretical background to
a FEL is given in section 2.1.3. In the following sections, FELBE is described in
terms of its technical specifications and optical parameters (section 6.1.1).
6.1.1 Technical Realization and Specifications
Two separate free-electron lasers for two di↵erent wavelength ranges from 4–22 µm
and 18–250 µm are installed at the FELBE setup location. They both use the same
source of high energy electrons, the linear electron accelerator ELBE. This facility
was constructed in 2003 and first mid-IR and THz laser radiation was achieved in
2004 and 2006, respectively [23,123].
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Electron Source ELBE
The electron source ELBE is a superconducting linear accelerator which is able
to provide electrons with energies up to Ekine = 40 MeV at a repetition rate of
fRepe = 13 MHz. For FEL operations the E
kin
e is usually set to 18 MeV. ELBE can
be operated in three di↵erent modes:
1. Single pulse operation with a repetition rate of a few kilohertz with single light
pulses of < 10 ps.
2. Macro-pulse mode, emitting a bunch of pulses (> 100µs) at a maximum rep-
etition rate of 25Hz.
3. Continuous pulse train of electron bunches at a rate of 13 MHz. Regular IR
and THz detectors do not show the necessary bandwidth to resolve the single
light pulses, the laser e↵ectively acts as continuous wave light source. This
mode is thereby called and henceforth referred to as the quasi continuous wave
(quasi-CW) mode. In this mode ELBE generates an average beam current of
1mA [23].
For near-field optical experiments, quasi-cw is the preferred mode.
Undulator U100 Free-Electron Laer
The key technical specifications of the two lasers U27-FEL and U100-FEL1 are listed
in table 6.1.
1 The naming of the FELs U27 and U100 occured according to their rescpective undulator
btw period  u (see table 6.1).
Table 6.1: Technical Specifications of Undulator U27 and Undulator U100.
U27 U100
Undulator period  u 27.3 mm 100 mm
Number of periods Nu twice 34 38
Undulator parameter K 0.3–0.7 0.5–2.7
Resonator length LR 11.53m
Out-coupling hole diameters
2.0 mm
1.5 mm 4.5 mm
2.0 mm 7.0 mm
3.0 mm 4.0 mm
Electron energy Ekine 12–40 MeV
Wavelength ranges 4–22 µm 18–250 µm
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Based on these parameters, the emission wavelengths of the lasers can be calcu-
lated (according to 2.1.3) by
  =
1 +K2
2 2
 u, (6.1)
with   denoting the electron energy in units of the electron rest mass. The result-
ing theoretical emission wavelength range is plotted as a function of the undulator
parameter K and the electron energy Ekine for both undulators in figure 6.1. This il-
lustrates that undulator U27 is designed for wavelengths of 4–22 µm, whereas U100
is able to provide 18–250 µm wavelength radiation corresponding to a frequency
range of 1.8–1.2 THz.
Optical resonator
For stimulated emission, the undulator of a FEL is placed in an optical resonator. Its
dimension is determined by the condition that the circulating light pulses are over-
lapping and coinciding with the consecutive electron bunches. The electron source
with the fundamental electron pulse repetition rate of fRepe = 13 MHz therefore
leads to a resonator length LR =
1
2 ⇥ cvac⇥ f 1Repe = 11.53m. As the U100 undulator
is operating at wavelengths up to 250 µm (1.2 THz), the cross-section of an open
resonator mode is much larger and the laser gain is considerably smaller than for
Figure 6.1: Emission wavelengths of the undulators U27 and U100 as function
of the undulator parameter K and the electron energy (from [124])
.
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a narrower optical mode at shorter wavelengths as present in undulator U27. To
reduce the vertical beam size, a partial waveguide is installed inside and downstream
the undulator, designed to compresses the optical field vertically and increase the
laser gain while allowing a smaller undulator gap. It is 10 mm high and wide enough
to allow a free propagation.
Figure 6.1 shows that FEL-U100 is the most suitable radiation source for the
THz near-field experiments, as it is able to provide a spectrum from mid-infrared to
far-infrared/THz radiation.
Beam Characteristic of U100-FEL
The polarization of the emitted radiation by a FEL is determined by the electron
orbit [125]. As FELBE is constructed to exhibit a horizontally orientated linear
magnetic field, the electron orbit is planar and therefore the laser is linearly and
horizontally polarized. The beamline is designed to conserve the linear polarization
and its orientation. However, experimental findings showed that the orientation can
di↵er up to 10  due to misalignment of the beamline mirrors. The profile of the U100
laser beam, when entering the optical laboratory is almost symmetric, as exemplary
shown in figure 6.2.
Beamline
As bremsstrahlung is inherently generated during FEL operation, the undulators
are separated from the optical labs by 2.6m concrete shielding. The FEL beam is
guided below that shielding and to the optical laboratories through a nitrogen filled
tubing system, the beamline. Figure 6.3 depicts a floor plan section of the FELBE
facility showing the optical user labs and beamline.
(a)   = 73 µm (b)   = 230 µm
Figure 6.2: Beam profiles of the radiation emitted by the FEL-U100 at (a)
  = 73 µm and (b)   = 230 µm. The data was recorded with a pyroelectric
camera right behind the laboratory beamline window.
6.1 THz Radiation Source: Free-Electron Laser FELBE 79
F
ig
u
re
6
.3
:
E
xt
ra
ct
fr
om
th
e
fl
oo
r
p
la
n
of
th
e
F
E
L
B
E
fa
ci
li
ty
in
cl
u
d
in
g
th
e
ex
te
rn
al
u
se
r
op
ti
ca
l
u
se
r
la
b
s.
O
u
r
se
tu
p
is
si
tu
at
ed
in
ro
om
11
3e
,
th
e
b
ea
m
d
ia
gn
os
ti
c
st
at
io
n
(1
13
d
)
an
d
a
p
ar
t
of
th
e
F
E
L
ca
ve
.
In
cl
u
d
ed
in
th
e
fl
oo
r
p
la
n
is
th
e
la
yo
u
t
of
th
e
b
ea
m
li
n
e
w
it
h
th
e
ad
ju
st
ab
le
m
ot
or
iz
ed
m
ir
ro
rs
[1
26
].
80 6 FEL-powered THz Near-Field Microscopy: Setup and Methods
In order to be able to transport the beam to the optical labs in up to 25m dis-
tance, the beam is re-collimated by multiple plane and toroidal gold-covered copper
mirrors [126] (see figure 6.3). In addition, these mirrors focus the beam approxi-
mately 3.5m behind the beamline window in each laboratory to a beam waist of
1, 3 or 4 cm diameter, depending on the used out-coupling hole diameter Dh as
shown in figure 6.4.
The beamline is an encapsulated system and can either be evacuated or filled
with dry nitrogen gas to prevent absorption loss due to H2O vapor. The FEL-
facing side of the beamline is capped with a diamond window in Brewster’s angle
orientation, transparent for nearly the whole (combined) FEL spectrum (7–250 µm).
For the user-laboratory-facing ends, interchangeable window materials depending
on the wavelength range are used. At THz wavelengths   > 60 µm (f<5 THz) a
Figure 6.4: Calculated beam width Db of the FEL-U100 beam along the beam-
line in distance (z) to the out-coupling hole in the FEL cavity (z = 0 cm), passing
the focusing mirrors (Mxx) in the beamline, for di↵erent out-coupling hole diam-
eters (Dh) (from: [126]).
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polymethylpentene (TPX) membrane (see transmission spectrum in figure 6.11a)
is applied, as for mid-IR radiation zinc selenide (ZnSe) or thallium-bromoiodide
(KRS   5) in flat or Brewster’s angle configuration are applied.
FEL Power
The average power emitted by the FEL varies between 0.1 and 20W as it depends
on the parameters K, Ekine , as well as on the out-coupling hole diameter. Figure 6.5
illustrates the theoretical and typically expected output power of the FEL-U100.
The beamline has originally been designed to transport infrared light with a
wavelength only between 3 and 150 µm. Losses of up to 60% are expected by design
when operating at wavelengths up to 300 µm [126]. Figure 6.4 shows that the beam
diameter for wavelengths > 180 µm expands beyond the beamline diameter of 10 cm,
thereby causing undefined losses and reflections in the beamline tubes. A collection
on experimental data of optical power loss in the beamline at exemplary wavelengths
is listed in table 6.2. The THz power losses due to the beamline vary in the range
of 53 to 98%. Note that the values are not only wavelength dependent but also
vary between di↵erent dates of operation. The reason for the variation originate
in multiple parameters, as the anterior use of the FEL (U27 or U100), state of the
beamline filling (e.g. contamination with ambient air) or even the level of experience
of the FEL-operator.
Generally, the FEL power in the optical lab for select wavelengths is su cient for
s-SNOM experiments for which an illumination power of 50 mW on the tip leads to
Figure 6.5: Calculated (blue to red) and typical output power (pink) of the
FEL-U100 in quasi-CW mode of operation [23]. Despite the discrepancy to the
theory, the power output, even at larger wavelengths, proved to be su cient for
s-SNOM experiments.
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Table 6.2: Average optical power loss in the beamline for di↵erent wavelengths,
comparing typical powers at the beginning of the beamline (FEL diagnostics in
131d) and in our laboratory (optical lab 131e in figure 6.3)
wavelength diagnose lab optical lab Power loss
(µm) (W) (W)
24.5 11 7.8 29%
34.7 23 5.7 75%
35 23 8.4 63%
60 13.8 1.8 87%
73 9.4 2.6 72%
73.4 15.5 3.6 77%
73.4 19 1.8 91%
98 22.4 3.3 85%
98 24 2.6 89%
102 10 2.7 73%
148 9.4 3.3 65%
150 10 4.7 53%
150 8.5 3.5 59%
150 9,4 3.3 65%
151 20 8.3 59%
160 3 0.75 75%
189 4.5 1.35 70%
230 3.1 0.4 87%
the most favorable SNR as with larger illumination power the detector can saturate
due to unspecificly background-scattered radiation.
Noise
Due to fluctuation of the initial spatial composition and energy of the electron
bunches in the accelerator, the intensity of the FEL light pulses also fluctuates. This
generates considerable amounts of power noise in the quasi-CW laser beam. These
fluctuations occur over the whole frequency range from 1Hz to 13 MHz. Tuning of
the FEL parameters settles the power noise levels to 5–10%, while levels of 25%
and above are also observed. For successful s-SNOM experiments the noise needs
to be less than approximately 7% of the total signal. Figure 6.6 illustrates the edge
condition for bearable power noise. An approach curve recorded on a flat gold sample
at 73 µm with 8% noise level at a time scale of 0.5ms results in a 3⌦ demodulated
near-field signal just above the noise.
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Figure 6.6: Left: Screen capture of an oscilloscope, showing the detector signal
( FEL = 73 µm) optically chopped at 380 Hz, featuring 8% noise level. Right:
Associated approach signal of a flat Au sample at 2⌦ and 3⌦, two repetitions
(red,green).
6.1.2 THz Spectra
Theoretically the FEL wavelength can be tuned continuously by altering the param-
eters K and Ekine , as shown in section 2.1.3. However, this experimental realization
is more problematic. It became apparent that the laser is not startable at par-
ticular wavelengths. In addition, the optical spectra show well-defined suppressed
wavelengths distributed over the whole range of operation, independent from va-
por absorption. This e↵ect can be explained by an interference of di↵erent optical
waveguide modes, which is supported by calculations of Lehnert et al. [23]. Com-
bined with the strong absorption by H2O in air, this restricts the e↵ective available
spectrum. The available spectrum as measured in the diagnose laboratory with the
influence of H2O absorption is shown in figure 6.7. This data is shown in more detail
in the appendix.
Exemplary FEL spectra from 74.4 µm to 150.7 µm are shown in figure 6.8. Ac-
cording to 2.10, the theoretical predicted line width scales with the number of periods
of the undulator to 1/NU . With NU100 = 38 , a line width of 2.6% is expected. In
fact the observed relative line width is smaller than the prediction, between 2%
and 1.6%. The spectral width can further be slightly tuned by varying the cavity
length [128].
6.1.3 Suppression of Higher Harmonics
A FEL can emit radiation not only at the desired and tuned to frequency, but
simultaneously also at multiples of it, as shown in 2.1.3. The unambiguity of the
wavelengths measured in the experiments therefore needs to be addressed.
Although the e↵ect of higher-harmonic radiation emission is unwanted in our
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Figure 6.7: Transmission spectrum in air. [127]
experiments, it cannot completely avoided. Figure 6.9 shows an analysis of two ex-
emplary FEL spectra tuned to the same wavelength of 140 µm (2.1 THz), recorded
at two consecutive days with a Fourier-transform spectrometer 2. The two depicted
spectra are normalized to the peak power of the FEL. Apart from the finding that
the SNR changes significantly, additional peaks at the 2nd harmonic (though not
predicted by theory) at 0.9% and at the 5th harmonic at 0.1% of the main peak
can be found. At these levels a near-field experiment would not be significantly im-
pacted. It has been reported however that at certain FEL settings higher-harmonics
can contribute up to 5% of the total power [129]. Characterization of the higher-
harmonic emission behavior of the U100 has been attempted, though no significant
correlation or method of suppressing those unwanted higher-harmonics have yet
been found apart from the fact that with a higher undulator parameter K, higher-
harmonic emission is favored.
To eliminate any higher-harmonic contributions to our experiments, we applied
two consecutive 100 cm 1 low-pass filters (100 µm or 3 THz), (see data curve in 6.10)
at the detector. With this measure we assure that the detected optical near-field
signal truly stems from the specified wavelength of e.g. 140 µm. Nevertheless, it is
additionally advised to avoid high K settings when possible.
2 FT-IR Equinox 55, Bruker
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(a) (b)
(c) (d)
Figure 6.8: Exemplary FEL spectra from 74 µm to 229 µm (black) and re-
spective Gauss fit (red). Notice that spectral sharpening can occur due to H2O
absorption lines as in (a).
6.2 THz Detection
A detection system suited for the THz-s-SNOM has to fulfill the following require-
ments: The spectral sensitivity needs to cover the whole range of FEL-U100, the
bandwidth has to be high enough to enable higher-harmonic demodulation (prefer-
able 3 to 4 times the cantilever oscillation, which results in a frequency range of
typically 50–700 kHz). After testing di↵erent detector types and systems, a combi-
nation of two detectors covering distinct overlapping wavelength ranges to cover the
whole spectrum of the FEL-U100 has found to be best performing system. Both
detectors are combined in an integrated detector system 3 including cooled optics
and filters mounted within a LHe cryostat4.
For s-SNOM measurements the detector signal is fed to a LIA 5 for amplification
3Model QFI/2BI Cooled Bolometer System, QMC Instruments Ltd.
4 Cryostat TK 1813 QMC Instruments Ltd., LHe hold-time 40±10 hours, LN2 hold-time 20±2
btw hours
5 Lock-In amplifier model 5302, EG&G Division of URS Corp., Gathersburg, MD, USA
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Figure 6.9: The spectrum of the FEL tuned to 140µm on two consecutive
days recorded with a FT-IR spectrometer. The appearance of 2nd 3rd and 5th
harmonics can be noticed. [129]
and higher-harmonic demodulation of the optical signal. The two detectors are an
Indium-Antimon (InSb) based hot-electron bolometer, covering 100–240 µm and a
Gallium doped Germanium (Ge:Ga) photo conductor covering 30–120 µm, respec-
tively. Both detectors are described and characterized in the following sections.
6.2.1 Inhomogeneously Tuned InSb Hot-Electron Bolometer
The functional principle of a magnetically tuned hot-electron bolometer is described
in section 2.2.2. Here the active element is a high-purity undoped InSb square crystal
(approx. 5 ⇥ 5mm2) cooled to 4.2 K LHe temperature. The Bolometer combines
a high peak sensitivity with an optical noise-equivalent power (NEP) of < 1.5 pWp
Hz
at 275GHz (as tested with a light source modulated at 100 kHz) with a high linear
dynamic range of 40 dB and a maximal bandwidth (-3 dB) of 750 kHz. Especially
the high bandwidth is essential for the s-SNOM setup to allow for demodulation of
the optical signal at 3⌦, typically 450 kHz for the commercial AFM tips used.
Two radiation filters shield the sensing element from unwanted radiation as ambi-
ent thermal radiation or higher FEL harmonics: An outer 1.5 cm thick high-density
Polyethylen (HDPE) window at room temperature and a (proprietary) mesh filter
6, (100 cm 1 / 3 THz low-pass or 100 µm high-pass) within the cryostat. Trans-
mission spectra of HDPE and the QMMF filter are shown in figure 6.10 and 6.11b,
respectively.
6QMMF multi-mesh low-pass filter, QMC Instruments Ltd.
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Figure 6.10: Transmission spectrum of proprietary low-pass filter QMMF with
a cut-o↵ at 100 cm 1 (3 THz) [130].
(a) polymethylpentene (TPX) (b) high-density polyethylene (HDPE)
Figure 6.11: Transmission spectra of 2mm thick polymethylpentene (TPX)
(nTPX(1 THz) = 1.46) and HDPE (nHDPE(1 THz) = 1.54) [131].
6.2.2 Gallium-Doped Germanium Photoconductor
The other detector mounted in the cryostat is a neutron transmutated gallium doped
germanium (Ge:Ga) photoconductor (see section 2.2.1) designed for operation at
4.2K, which is designed to cover the 2.5 to 10 THz (30–120 µm) range.
The active sensor element is suspended behind a Winston cone which is an o↵-
axis parabola designed to maximize collection of incoming rays within some field of
view [132]. Incident photons with su cient energy promote valence electrons into
the conduction band. In this detector the photon must have an energy of 10 meV
equivalent to a wavelength at 120 µm. Typical spectral responsiveness of a detector
of this kind is shown in figure 6.13. It has a long wavelength cut-o↵ at approximately
120 µm and maximum responsiveness at 100 µm (blue curve in figure 6.13). For
wavelengths shorter than the peak wavelength, the detector voltage responsiveness
is linearly proportional to the wavelength as the detector acts as a photon counter.
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Figure 6.12: Relative spectral responsiveness of InSb hot-electron bolometers,
with no magnetic field applied (green squares), an example magnetically tuned to
shift the sensitivity to 1.7 THz (black rectangles) and an inhomogeneously tuned
bolometer (blue circles) as uses in the experiment.
(For more details on Ge:Ga detectors see [133].) The detector specification by the
manufacturer states a nominal sensitivity of NEP < 3 pWp
Hz
at 2.5 THz for a light
source modulated at 1 kHz, with a linear dynamic range of 30 dB and a bandwidth
of 100 kHz (at -3 dB).
By applying a bias voltage (0–10 V), the relative detector sensitivity can be
shifted to larger wavelengths, albeit with a loss of absolute sensitivity, see figure 6.13.
In practical use the adjustable bias voltage is tuned individually to the best SNR for
the specific experiment. To enhance the sensitivity of the system at high signal mod-
ulation frequencies of up to 300 kHz, as needed for near-field signal demodulation,
the preamplifier is realized as a JFET circuit which acts as a source follower. The
individual preamplifiers7 for both detectors are powered by rechargeable batteries
(±20V) on order to reduce the electronic noise.
Detector Characterization
As mentioned above, the detector bandwidth is critical for higher-harmonic demod-
ulation. The bandwidth of the Ge:Ga detector, however, could not be directly
7 Preamplifier ULN95, QMC Instruments Ltd.
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Figure 6.13: Normalized spectral responsiveness of a Ge:Ga detector in stressed
and unstressed condition.
determined by the manufacturer. It was predicted to be around 100 kHz. Own mea-
surements to verify the claims and compare the bandwidth of the Ge:Ga to the InSb
detector were conducted.
The bandwidth of both detectors was tested with a broadband THz emitter
driven by a Ti:sapphire laser with <100 fs pulses. A high performance arbitrary
function generator provided a sine function with an amplitude of 6.5 Vpp in the
range of 30–900 kHz to drive the emitter. The detector signal was recorded with a
LIA8 at the same frequency. The results of this test are depicted in figure 6.14.
As the original optical output power of the emitter is not necessarily flat for mod-
ulations of 30–900 kHz, this measurement is not suitable for an absolute bandwidth
measurement of the detectors but is su cient for a comparison of the detectors. For
a gain setting of ⇥100, the -3 dB limit for both detectors is found to be similar, here
at 190 kHz. At the higher gain setting of the amplifiers (⇥1000), the 50% limit
drops slightly to 150 kHz for the InSb, and to 100 kHz for the Ge:Ga respectively.
Due to its nature, the hot-electron mechanism in the InSb is an intrinsically fast de-
tection principle, and should not be bandwidth limited up to 440 kHz. The measured
bandwidth limitation therefore presumably is originated in the amplifier. Another
explanation could be, that the modulated emitter-system itself is the limitation of
this measurement. The Ge:Ga at gain ⇥100 is of comparable speed as InSb and
8Model SR844, Stanford Research Systems, up to 80 MHz
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Figure 6.14: Normalized response of the two separate THz detectors based on
Ge:Ga and InSb to the radiation of a broadband THz emitter for at gain settings
of ⇥10 and ⇥1000 respectively. Its bias voltage and thereby the THz emission is
modulated from 30 to 900 kHz. A dotted line is plotted at -3 dB as reference.
therefore exceeds the specifications and even the values for the InSb detector with
180 kHz (-3 dB). Concluding, both the Ge:Ga and InSb detectors proved to be fast
enough for 3⌦ demodulation of the near-field signal. A comparison of the covered
wavelength ranges is shown in figure 6.15. Here the normalized responsitivities of
the two detectors are shown, with the Ge:Ga unbiased and biased (10V) revealing
that their spectral overlap can be increased by applying a bias voltage (up to 10V)
to the Ge:Ga detector. Note that the response curves in the graph are all normalized
and especially the biased response is generally lower than the unbiased one.
6.3 Description of the Scattering-Type Near-Field
Optical Microscope
After the description of the THz source and detector, here the core of the setup,
the scattering-type near-field microscope shall be the subject of discussion. The
fundamental principles for s-SNOM with a FEL are similar to the one described
in part I, chapter 4: A (metal) scattering tip acts as near-field probe which is far-
field illuminated and the directly back-scattered radiation is detected. To extract
the near-field information, higher-harmonic demodulation (see: section 3) of the
collected far-field is applied. The scattering tip is spatially fixed with respect to the
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Figure 6.15: Normalized spectral responsiveness of the Ge:Ga detector with
applied bias voltage at 10V (red) and at 0V (black) condition and of the InSb
hot-electron bolometer (blue) as used in the experiment
incoming beam and the sample is scanned below the tip during a measurement.
Even though the fundamental principles are the same, the adoption of this tech-
nique to the FEL THz light source required a completely new design of the setup,
compared to the THz-s-SNOM presented in the first part. In particular, the full
compatibility with a coexisting setup and experiments for mid-IR s-SNOM had to
be taken into account. This microscope consisting of AFM (6.3.1) and the dedicated
THz optics (6.3.2) will be described in the following.
6.3.1 Atomic Force Microscope
The realization of the s-SNOM AFM head was also part of the dissertation of Rainer
Jacob, additional details on the AFM can be found in [134]. A photograph the AFM
head is shown figure 6.16. The main design ideas and their realizations are:
Advanced AFM control. To minimize artifacts during the measurement, a true
non-contact mode was implemented. The AFM is operated by a phased-locked-loop
controller 9 that drives the cantilever at its actual resonance frequency even when de-
tuned by probe–sample interaction. This is achieved by adapting the drive voltage
9 PLL-Pro 2, RHK Technology, Inc.
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Figure 6.16: Photograph of the home-built atomic force microscope head with-
out base plate and sample scanner. From [134].
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amplitude in order to assure constant cantilever oscillation amplitude and thereby
a constant scattering cross-section.
For scanning of sample structures with step heigths of >15 nm however, the
AFM can also be operated in tapping mode when the scan speed cannot be feasibly
further reduced to avoid unstable operation. To minimize possible optical artifacts
(see [135]) the setup amplitude was set to 90 - 95% of the free oscillation amplitude.
For more details, see section 3.4.
Optimization for commercial AFM tips. As precedent experiments revealed, the
average power of the FEL is su cient to dismiss home-made cantilevered metal
wires as scattering probes. Instead, metal coated commercial AFM tips10 proved
persistently reliable and successful even for wavelengths up to 230 µm.
The cantilever and tip positioning is realized with a commercial mounting system
that uses three alignment grooves on the base of the cantilever which fit exactly to the
ridges of a complementary chip11. This allows to exchange the tip with a precision
better than 1 µm.
Kelvin-probe and PFM capability. The cantilever movement is monitored by a
beam deflection setup with a four-quadrant diode illuminated by a focused laser
diode beam at   = 633 nm. This allows the observation of vertical and lateral dis-
placement of the tip. The lateral monitoring is exploited when the AFM is operated
in piezo-response force microscopy (PFM) mode. Furthermore, tip and sample can
be electrically contacted, to allow for both PFM- and Kelvin-probe measuring mode.
Advanced cantilever read-out optics. To increase the sensitivity of the read-out
in this setup a polarization-selective detection is implemented. The advantage of
this system is to realize orthogonal illumination of the cantilever, while in- and
outbound light is separated by a polarizing beam splitter with adjacent quarter-
wave retarder due to the polarization flip after reflection of the cantilever. (See
figure 6.16.) This ensures that parasitic light does not contribute to the signal on
the 4QD. The electrical stability of the deflection signal is optimized by powering
the laser diode as well as the 4QD pre-amplifier with batteries to minimize noise.
Excellent optical accessibility. The fundamental pre-condition for s-SNOM is a
large opening angle for inbound radiation to the scattering probe. This was achieved
in constructing a modular AFM, with exposed AFM tip and open design of the
AFM shown in illustration 6.16. The positioning of the tip provides a beam access
of almost 180  in the horizontal plane and approximately 70  in the vertical plane.
10 PPP-NCLPt, NanoSensors
11Align-10, NanoSensors
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Reliable control of the cantilever oscillation. The oscillation of the cantilever
can be driven in two ways: Directly by a piezo electric shaker attached below the
alignment chip, separated by a ceramic plate for electric insulation, or via a gear
reduced levered piezo shaker, which allows for smaller cantilever oscillation at the
same AC drive voltage. (See magnified details in figure 6.16)
Flexibility in sample choice. The sample is mounted on a piezoelectric scanner12
with a scan range of 40 ⇥ 40 ⇥ 4.3 µm3 (x,y,z). The scanner itself is placed on a
stack of piezoelectric slip-stick actuators13 which allow for the coarse positioning of
the sample by 5⇥ 5⇥ 5mm3 (x,y,z), with a single step size of about 50 nm.
Enhanced stability of the AFM head was realized by relying solely on flexure
bearing mounts for the beam deflection mirrors.
AFM Characterization
In non-contact mode, the setup allows a stable operation with an oscillation ampli-
tude below 10 nm and an oscillation frequency of approximately 140 kHz [134]. The
amplitude is increased to 50 nm during s-SNOM experiments to gain a better SNR
in the optical signal. Amplitude noise is below 1 nm and is mainly influenced by the
tip condition and the oscillation amplitude.
6.3.2 Optics
The optical setup was realized in such a way that wavelength-independent operation
of the near-field microscope is possible, covering the whole U100-FEL spectrum in
the THz, as well as the mid-IR U27-FEL (see section 6.1). Especially when changing
from mid- to far-infrared, crucial elements of the setup, such as detectors or beam
splitters, are easy to exchange without disturbing the other experiment.
Overview
The optical elements throughout the setup are wavelength-independent mirrors with
a gold coating and a diameter of 2 inch. A schematic of the optical layout is shown
in figure 6.17. It includes the various light sources FEL, CO2 laser and the visible
alignment laser as well as beam filtering (Gauss optics), s-SNOM-AFM, powermeter
and detectors for mid-IR and THz radiation.
The pair of iris diaphragms (id) are used as reference to superimpose the beams of
the FEL, the CO2-laser and the alignment laser. By using flip mounts and separate
alignment mirrors for the di↵erent lasers, it is possible to exchange the light source
while keeping the beam focused on the tip. An alternative beam path with an
12ANS xyz100, attocube systems AG
13ANPx101 and ANPz101, attocube systems AG
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Figure 6.17: Schematic optical layout of the combined mid-IR and THz s-
SNOM microscope. In area 1 the light sources of the setup are grouped: FEL-
(U100 and U27), CO2 and visible alignment laser. Their beams are combined
and pass two iris diaphragms (id) for beam alignment. An optional gauss mode
filtering optics (mainly necessary for U27 operation) can be latched in (area 2).
In area 3 the polarization of the beam can be tilted by 90  from horizontal to
vertical polarization. Using a geometrical beam splitter (gbs) the incident power
can be constantly monitored at the power meter (pm) whereas the reflected part
of the beam is focused by the focusing mirror (fm), and impinges onto the tip and
the sample at the AFM. The backscattered light (orange) is transmitted through
the gbs and focused either on detector (D1) for mid-IR or (D2) for THz radiation.
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additional set of mirrors rotates the polarization of the beam by 90 . The beam is
then forwarded to the geometrical beam splitter (gbs) which reflects the beam to the
focusing mirror close to the tip, while the transmitted part of the beam illuminates
a wavelength-independent powermeter (pm). As the beam splitting ratio is known,
this allows for direct monitoring of the tip illumination power. A photograph of the
section including the beam splitter focusing mirror and AFM is shown in figure 6.18.
For longer wavelengths absorption by air moisture is critical. To account for
this it is possible to purge the entire setup with dry nitrogen. As mentioned before,
a few elements have to be adapted to the used wavelength. These are the beam
splitter and the detector. For this reason, those elements are placed with the help
of magnetic clamps and by a special detector holder. Small mirrors on flip mounts
(not shown) facilitate the alignment of the changed elements.
Focusing Mirror
The central focusing mirror fm is based on a commercial gold coated 2 inch 90 
parabolic mirror with an e↵ective focal length fe↵ = 10 cm. It illuminates the tip-
sample system at an angle of 70  against the vertical and is also used to collect the
Figure 6.18: Optical setup of the combined mid-IR and Thz s-SNOM micro-
scope. The incoming laser beam (green) is divided by geometrical the beam
splitter (gbs), to be monitored at the power meter (pm), and focused by mirror
(fm), onto the tip and the sample (AFM), respectively. The backscattered light
is transmitted through the gbs and focused optionally on the detector (D1) for
mid-IR or for THz radiation (not in picture).
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backscattered signal from the tip. These signals are then forwarded to the beam
splitter, where they are transmitted and focused on the detector.
The mirror is mounted on a linear three-axis piezo stick-slip stage which allows
the adjustment of the mirror in all three directions (x, y and z)14 in a closed-loop
feedback15. The assembly itself is placed on a two axis tilting platform to align
the mirror perpendicular to the incident beam. A flat mirror embedded in the
base plate behind the parabolic mirror in combination with the visible alignment
laser facilitates the procedure of alignment. The closed-loop positioning feedback
controller16 is governed by a self-written software which allows for positioning of the
focus in x,y,z and along the k-vector of the incident beam.
With this device it is possible to adjust the near-field signal by altering precisely
the position of the laser focus on the tip with a step distance of 50 nm. The repo-
sitioning accuracy of better than 1 µm even after ong travel proved to be su cient
for mid-IR s-SNOM measurements with 10 µm wavelengths and longer.
14MS 30, mechOnics AG
15 PS 30, mechOnics AG
16USB-Controller CU 30, mechOnics Ag
Figure 6.19: Photograph of the three-axis positionable focusing mirror stage
with and without the parabolic mirror. Left: A computer controlled closed loop
3-axis piezo actuator, with 5 mm travel acts as mount for the gold coated 3 inch
parabolic mirror. Right: An embedded planar alignment mirror (a) behind the
parabolic mirror, aids to align the mount perpendicular to the incident beam by
✓ and   with micrometer screws.
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Geometric Beam Splitter
To separate incident and backscattered light a geometric beam splitter is set in
place. A free-standing gold coated polished silicon waver of 300 µm thickness acts
as reflecting mirror. (Illustrated in figure 6.20).
The mirror can be moved partially or completely into the beam path by a linear
translation parallel to the surface with a micrometer stage. Thereby the splitting
ratio can easily be tuned from 0 to 100% (see figure 6.21). To be interchangeable
with di↵erent beam splitters for mid-IR and polarization critical measurements, it is
mounted on a magnetic repositioning base. The transmission T was measured with
power meter pm for 150 µm and 230 µm to characterize the beam-splitter, shown in
figure 6.21. The data indicates a symmetrical beam profile.
The geometric beam splitter has been successfully used for THz s-SNOM within
the combined setup. Typically, the splitting ratio is set to 50%.
Figure 6.20: Photograph of the geometric beam splitter (gbs) consisting of a
free-standing polished and gold-coated silicon waver. By translation (t) parallel
to the surface with a micrometer stage, the beam splitting ratio can be the tuned
from 0 to 100%. To be interchangeable with di↵erent beam splitters for mid-IR
and polarization critical measurements, it is mounted on a magnetic repositioning
base.
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Figure 6.21: Characterization of the geometric beam splitter for wavelengths
  = 150µm and   = 230µm in vertical polarization as a function of the transla-
tion position (t).

7 Results
In this chapter, the results achieved with the narrow-band, FEL-based THz s-
SNOM are presented. As proof of principle the characteristic near-field signatures
at wavelengths from 35–230 µm are shown (section 7.1.1), as well as a comparison
between the near-field signal and tip oscillation amplitude (7.1.2).
Furthermore, the near-field imaging capabilities of the THz s-SNOM are shown
(7.2) by demonstrating high-resolution imaging of gold structures (section 7.2.1) and
complex nano-patterns at extreme wavelengths (7.2.2) as well as the material sensi-
tive detection of buried structures in section 7.2.3.
7.1 THz-Near-Field Signatures
Approach-curves are established as proof of near-field capabilities and first charac-
terization of the system as introduced in section 5.2. The characteristic length scale
of the steeply rising scattering amplitude when the sample is approached to the tip
is proportional to the tip diameter and directly reveals the lateral spatial resolution
(see chapter 3). Furthermore, the e↵ects of the tip oscillation amplitude on the
near-field signal are evaluated (7.1.2).
7.1.1 Approach Curves
Within the presented work, it was possible to measure, for the first time, optical
near-fields with the FEL-U100 over the full spectral range. Starting at wavelengths
of 35 µm, these experiments were successfully extended to wavelengths up to the
technical limit of the FEL-U100 of 230 µm, corresponding to 1.3 THz. The measured
value is near-field signal amplitude demodulated at the 3rd harmonic of the tip
oscillation frequency ⌦ (NF3⌦).
Figure 7.1 shows typical approach curves for the wavelengths from 35 to 230 µm,
recorded at a gold sample surface with commercial metallized AFM tips. Depicted
is the normalized near-field signal amplitude demodulated at the 3rd harmonic (3⌦)
of the oscillation frequency. The near-field drop-o↵ to 1/e (indicated in the figure) is
almost identical for all wavelengths and matches the characteristic dimension of the
probing AFM tip. This proves the true wavelength-independent field confinement
for the s-SNOM technique in the whole spectral range.
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Figure 7.1: Near-field signal during approach of the probing tip to a gold ref-
erence sample, measured with FEL wavelengths from 35–230 µm. The drop-o↵
of the normalized near-field signal demodulated at 3⌦ is identical for all wave-
lengths, proving the wavelength-independent field confinement.
In these measurements the SNR is higher at larger wavelengths because of several
reasons. Foremost, background suppression with harmonic demodulation at larger
wavelengths is more e cient, as the ratio of the wavelength   to the oscillation am-
plitude  z ⇡ 60 nm, increases. Furthermore, the tip diameter and shape/condition
as well as the quality of the beam emitted by the FEL dominate the SNR and ab-
solute levels of the experimental measured near-field signal. Finally, the InSb-based
hot-electron bolometer that has been used above 150 µm (see section 6.2.1) has an
increased sensitivity for larger wavelengths. In combination with better filters at
the detector, which suppress ambient thermal radiation, the InSb detector works
favorable for the SNR.
Concluding, the near-field drop-o↵ behavior indicates a near-field confinement
and resolution of < 100 nm independent from wavelength but rather depending on
the tip size only.
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7.1.2 Near-Field Signal vs. Tip Oscillation Amplitude
The optimal tip oscillation amplitude for a near-field experiment is a trade-o↵ of
the aim to minimize physical tip sample interaction and maximizing the near-field
modulation for e↵ective far-field background suppression.
To analyze and optimize this behavior for the THz regime, the 2⌦ and 3⌦ signal
of a gold sample was recorded with variation of the tip oscillation amplitude (peak-
peak) z at di↵erent wavelengths. Experimentally, one starts from a large oscillation
amplitude (used for initial focus alignment) and then decreases  z to an optimal
level. Figure 7.2 shows exemplary data for   = 35, 60 and 230 µm, respectively.
These measurements have been performed with an illumination power of 50 mW,
and a set-point at 95% of the free oscillation amplitude. The data recorded at 35 µm
and 60 µm wavelengths show a similar behavior in the following aspects:
1. Above the noise level, below which no stable (3⌦) signal was recorded, 2⌦ and
3⌦ levels rise linearly with  z.
2. Compared to 2⌦, the 3⌦ signal can be detected at lower amplitudes as the
far-field background noise is more e ciently suppressed.
3. The linear region here z = 100–260 nm and 140–280 nm for 35 µm and 60 µm
respectively, is the possible regime for near-field measurements. However,
within this regime, small  z are favourable due to higher stability.
4. Above a certain tip oscillation amplitude, the near-field signals converge to a
plateau.
This behavior can be explained as follows: As seen in 7.1.1 the lateral near-
field is confined to about zNF ⇡ 100 nm. For  z > 2zNF the e↵ective modulation
decreases, as more and more noise is integrated by the LIA circuit. In fact a drop in
signal is expected for even larger tip oscillations. Such high levels though have not
been reached in the experiments due to stability reasons. Figure 7.2 (bottom) shows
corresponding measurements at   = 230 µm. Here the signal increases linearly with
 z for the whole measured range of 44–180 µm. Due to the better SNR compared
to 35 and 60 µm at this wavelength (see also 7.1.1), smaller  z were used and data
for higher oscillation amplitudes were not recorded.
In conclusion, the SNR dictates the minimal feasible tip oscillation amplitude.
Above a threshold of  z ⇡ 250 nm signal gain diminishes due to the near-field
confinement. Although a considerable range of amplitudes qualifies for use in near-
field optical experiments, however, one is advised to small amplitudes  z.
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Figure 7.2: The 2⌦ and 3⌦ near-field signal (arbitrary units) of a flat Au sample
in relation to the tip oscillation amplitude  z, shown for three wavelengths   =
35 µm (top), 60 µm (middle) and 230 µm (below). Both, 2⌦ and 3⌦ behave
linearly with  z in a certain amplitude range.
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7.2 THz Near-Field Imaging on the nm Scale
In order to show the imaging capabilities of the FEL based THz s-SNOM, scans were
performed on gold structures (section 7.2.1) and complex nano-patterns at extreme
wavelength (7.2.2). Moreover the material sensitive detection of buried structures
is discussed in section 7.2.3. For all imaging data, specialized open source software 1
has been used for processing, analysis and visualization.
7.2.1 High Resolution Imaging
In order to explore and characterize the resolution limits of THz-s-SNOM, images
of gold structures on fused silica have been recorded. These structures consist of
flat gold rods of nominal 100 nm thickness and 500 nm width, produced with an ion
beam lithography process [136]. Figure 7.3a depicts the topography of the end of one
gold rod. It shows the flat 100 nm plateau and reveals additional yet unidentified
50 nm high bumps along the side of the rod.
The THz-near-field optical signals demodulated at 2⌦ and 3⌦, are displayed in
figures 7.3b and 7.3c respectively. For this measurement the FEL was operated at
3 THz (98 µm) with the average power of 25 mW and illumination in p-polarization
perpendicular to the rod long axis, while the tip oscillation amplitude  z is set to
70 nm. The 2⌦ and 3⌦ THz signal exhibit a strong contrast between gold and silica;
the gold structure as well as detailed features on the rod can be clearly resolved.
This material contrast originates from the highly reflective gold2 which generates a
strong scattering signal in comparison to the transmissive fused-silica3 substrate.
As the gold rod surface exhibits an otherwise homogeneous near-field signal level,
the sharp contrast now allows us to identify the dark appearing bumps alongside
the rod. The low signal levels on these areas can be contributed to the organic
composition of the resin applied in the ion-beam lithography process used when
manufacturing the samples. It exhibits far less optical signal than the high reflec-
tivity of the gold. In the 2⌦ signal one observes two artifacts:
Firstly, far-field components though are not completely suppressed, which be-
comes apparent by the halo like elevated signal level within a proximity of 500 nm
around the rod. In this context, the rod may act as an additional local light source.
Secondly, the edges of the gold rod exhibit a topography induced near-field ar-
tifact. When imaging structures with edges of height similar to the probing tip
diameter, the tip not only has close contact with its apex to the sample, but also
with its side, thus creating a larger or multiple areas within near-field interaction
range. This can result in a distorted signal, either enhanced or suppressed due to the
complex addition of background and near-field signal, a phenomenon also observed
1Gwyddion V2.3
2Au optical constants for at 3 THz/100 µm: ✏1,Au =  105, ✏2,Au > 105, nAu > 62, kAu > 200
3 SiO2 optical constants at 3 THz/100 µm: ✏1,SiO2 = 4.4, ✏2,SiO2 ⇡ 0, nSiO2 = 2.14, kSiO2 < 0.1
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(a) Topography
(b) 2⌦ near-field signal (c) 3⌦ near-field signal
Figure 7.3: Imaging of a gold rod fabricated on a fused-silica substrate display-
ing (a) the topography and (b),(c) the THz near-field signals recorded at 98µm
(3 THz). Besides from resolving the rod itself, the bulges at its edges can be
resolved and identified as fabrication residues. The line profile at (1) is shown in
figure 7.4.
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in the visible [109]. In the 3⌦ signal the halo e↵ect is absent. Most far-field back-
ground is suppressed while the material contrast as well as the SNR is still strong.
The topography influence at the steep structure edge results in a diminished level
of the 3⌦ signal.
Figure 7.4 shows the line profile marked in 7.3 for a more detailed inspection at
one of the 50 nm high bumps at the edge of the gold. Compared to the constant
signal on gold, the 3⌦ and 2⌦ response from the bump is at the same near-noise
level as the silica substrate. In the 3⌦ signal we observe a purely material contrast
induced signal drop (dashed lines), resulting in an optical resolution of 60 nm at
a wavelength of 98 µm corresponding to  /1600. The 2⌦ signal at the sides of the
bump (dashed circles) is overlapped by a signal enhancement at the onsets of slopes
(dashed circles) of a kind that was observed also in 7.3b.
Concluding, it was possible to resolve a structured gold rod at a wavelength of
98 µm (3 THz) in the optical channel with a resolution up to 60 nm, while not only
distinguishing the gold from the silica substrate but moreover identifying the bumps
on the gold structure to be residual resin from the fabrication process.
Figure 7.4: Line profile from section 1 in figure 7.3a at a 50 nm high bulge on a
side of the gold rod. Compared to the signal on gold the near-field response from
the bump is at the same level as the silica substrate. While the 2⌦ channel is
overlapped by a signal enhancement at the onsets of slopes (dashed circles), the
3⌦ signal can resolve the material boundary with 60 nm (dashed lines).
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7.2.2 Imaging of Fischer-Pattern Structures
To examine the imaging and resolution capabilities for THz-s-SNOM at the largest
wavelength the FEL can reliably generate in quasi-CW mode, a nano-structured test
sample was examined at 230 µm (1.3 THz).
Latex-bead projection nano patterns [137], (also known as Fischer-Pattern), have
been used as reliable and reproducible sample for s-SNOM experiments [86,87,109,
110, 119, 138–140] and are here chosen to investigate the imaging and resolving ca-
pabilities of the THz-s-SNOM. A monolayer of latex beads with 600 nm size has
been used as shadow mask to evaporate gold on a fused silica substrate. Here, for
the Au structures a thickness of 100 nm was chosen to ensure an optimal near-field
response, avoiding potential dampening losses in the underlying substrate due to the
skin e↵ect [141,142]. Power loss in the beam line at this wavelength is quite high at
87% (see section 6.1.1). Due to additional losses at the optical setup approximately
150 mW reached the microscope, being 5% of the original FEL output power of
3.1 W. The best SNR was achieved with a tip illumination power of 50 mW, ad-
justed with a power attenuator. Illumination occurred in p-polarization, and the tip
oscillation amplitude was determined to 65 nm while the LIA time constant was set
to 30 ms.
Figure 7.5 shows a large area scan of 5⇥5 µm2 of such a sample. In the topogra-
phy channel (7.5a), the expected hexagonal ordered triangle pattern, characteristic
to the Fischer-pattern, can be clearly seen. Due to the non perfectly closed mono-
layer of the beads, not only the complementary triangle pattern is formed, but also
larger islands of interconnected triangles. The rather high thickness of the gold layer
in combination with the tip radius of about 50 nm explains the blunt appearance of
the triangle corners. Consequently, the high aspect ratio of the triangle corners can
be topographically resolved only with tip radius resolution.
Figures (7.5b) and (7.5c) show the optical near-field signal amplitude demod-
ulated at 2⌦ and 3⌦ respectively. The 2⌦ signal resolves the nano-structures in
great detail, but is not completely background free. As we learned from before (sec-
tion 7.2.1), the 2⌦ near-field signal at 98 µm is not background free, and extended
structures create a halo signal around them. This e↵ect is also the case for these
measurements at   = 230 µm. Here, for this semi-regular and large scale structure,
this leads to an addition of complex background signal across the image area, clearly
visible on the substrate as gradient. Since the background phases are unknown and
alignment-dependent, the near-field contrast appears with unknown and alignment
dependent signs, as reported in [90, 138]. In particular, background and near-field
signals can show di↵erent phases, which can result in a deconstructive overlap of
these signals. Consequently, small absolute signals are observed, and even contrast
inversions compared to the substrate. As result, e.g. singular triangles appear with
a negative contrast. Note that neither the phase induced contrast reversal nor the
influence of the total object size on the absolute near-field signal is influenced by
the orientation of the objects long-axis to the polarization of the incident light.
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(a) Topography
(b) 2⌦ Near-field signal (c) 3⌦ Near-field signal
Figure 7.5: 5⇥5µm image of a hexagonal Fischer-pattern gold structure
(100 nm height) on a fused silica (glass) substrate, recorded at 230 µm (1.3 THz).
Topography (a) and near-field optical signal at 2⌦ (b) and 3⌦ (c). A detailed
measurement of the area indicated by the red square in (c) is shown in figure 7.8.
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The 3⌦ demodulation of the signal suppresses the halo e↵ect e ciently. Aside
from a weaker SNR one notices that larger, interconnected gold triangles exhibit
more near-field signal compared to smaller islands. As lower limit, the smallest
objects visible in 3⌦ in this experiments are of about 300 nm in diameter. The 2⌦
signal however allows to detect much smaller objects as to the better SNR, with the
drawback of background signal induced artifacts.
To evaluate the e↵ect of diminishing signal for small gold structures in more
detail, the average 3⌦ signal of each individual single and interconnected island in
figure 7.5 has been plotted against its surface area, shown in figure 7.6. Structures
of similar size exhibit similar signal and can be grouped in the categories single,
double and multiple interconnected islands. The near-field signal diminishes with
the object size and linearly interpolated, the 3⌦ signal for infinitesimal small objects
equals the signal level of the substrate of 0.44V. An upper limit is not covered in
these statistics, however the upper barrier for the near-field level is expected to be
that of a closed gold surface. In comparison, the noise level and the maximum
3⌦ signal on a closed gold surface has been determined to 3⌦noise = 0.24V and
3⌦max = 2.3V respectively in an supplemental approach measurement (not shown).
Complementary statistical data from measurements at   = 150 µm on a similar
sample is shown in figure 7.7. The observed behavior is reproducible. For structures
/ 0.1 µm2 the 3⌦ signal get indistinguishable from the substrate. On the other side
the data point of larger interconnected gold structures show a deviation from the
linear behavior for sizes close to the detection limit, but a converging to the signal
lvel of the closed gold surface, for sizes ' 1.5 µm2.
Besides the diminishing total signal for structures 0.1 µm2, the actual resolution
capability goes far beyond that. Figure 7.8 shows a 1⇥1 µm2 close-up measurement
Figure 7.6: Comparison of the averaged 3⌦ near-field signal and the structure
size of gold islands, measured at   = 230 µm. Linearly interpolated, the 3⌦ signal
closes to the signal level of the substrate.
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Figure 7.7: Comparison of the averaged 3⌦ near-field signal level to the struc-
ture size of gold islands, measured at   = 150 µm. The 3⌦ signal closes to the
signal level of the substrate (0.55V) for small structures and converges for large
interconnected ones.
of the area indicated in 7.5c, recorded with   = 230 µm. While the singular island
(B) provides a 3⌦ signal barely distinguishable from the substrate due to the size-
e↵ect, the gold island connected to the larger structure (A) is brightly visible and
in great detail. The line plot (1) across structure (A) is shown in figure 7.8c. Here,
the optical resolution has been determined to 50 nm by measuring the raise of the
signal at the border of the gold patches. Compared to the utilized wavelength of
230 µm this corresponds to  /4600! Note that this matches the nominal tip radius
as expected. As the AFM topography resolution in this case is limited by the high
aspect ratio of the sample structures and the SNR is quite reasonable (integration
time of the LIA was 30 ms; acquisition time of the image ⇡ 20min) a potential even
higher resolution with smaller tips is possible.
Conclusions: On the one hand it was possible to image the near-field of patterned
gold nano structures (Fischer pattern) with tip radius resolution at wavelengths up
to 230 µm (1.2 THz), which corresponds actually to the largest wavelengths FELBE
can reliably generate in CW mode. On the other hand, the total size of the objects
limit the observability, as the absolute scattered near-field of structures smaller
than 300 nm eventually drops below the SNR limit. This size limit though, is not
equivalent with the achievable resolution with the technique, as details of larger
objects (see 7.8b) can be measured. Therefore, it is advised to consider always the
2⌦ and 3⌦ near-field signal information in combination with the topography for
complete evaluation of measured data.
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(a) Topography (b) 3⌦ near-field signal
(c) Line profile of the 3⌦ signal across structure (A).
Figure 7.8: Close-up of a Fischer Pattern gold structure (see figure 7.5). Topog-
raphy (a) and near-field optical amplitude at 3⌦ (b) recorded at an illumination
wavelength of 230 µm (1.3 THz). (c) Lineplot at position (1) in (b): The edge
of the gold structure can be optically resolved with a resolution of 50 nm, corre-
sponding to  /4600. Even structural features of the less than 300 nm gold patches
can be observed if they are interconnected with a larger structure.
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7.2.3 Material Sensitive THz-s-SNOM Imaging
In order to separate true optical material contrast from topographical artifacts, a
topography-free reference sample for THz imaging was manufactured to obtain a
true material originated contrast only.
Figure 7.9 depicts the preparation of the material contrast sample. Polystyrene
spheres of nominal 1 µm diameter are used as shadow mask to structure a 100 nm-
thick gold layer evaporated onto freshly cleaved mica. After removal of the spheres
the remaining gaps are filled with epoxide resin4 of about 200 µm thickness by spin-
coating and covered with a metal base-plate for lift-o↵. The mechanical removal
of the mica layer reveals a flat sample surface with topographical features <10 nm.
This preparation technique is loosely based on the method presented in [144].
Figure 7.10 shows the topography and s-SNOM image of the sample recorded
at a wavelength of 150 µm. The preparation process results in a flat surface with
buried epoxy patches in a 100 nm thick Au film. Here, the topography (7.10a) shows
Au areas of several µm in lateral size that are separated by 5–10 nm deep groves.
The 3⌦ near-field signal (7.10b) on the Au is homogeneous with a somewhat larger
signal within the groves due to tip-interaction with the sides of the groves. Other
notable features visible in the topography are 10–15 nm high dirt spots, which appear
multiplied due to dirt collected by the probing tip. Note that the (non metallic) dirt
on the tip has strong influence on the topography but minor e↵ect on the THz
near-field signal.
4 Epoxide resin optical constants at   = 150 µm: ✏0 = 9, ✏00 = 0.8 [143]
Figure 7.9: Preparation schematic of the topography free sample.
(1.): Polystyrene spheres of nominal 1 µm size are used as mask to evaporate
100 nm gold onto freshly cleaved mica. After sphere removal (2.) the remain-
ing gaps are filled with epoxide resin (3.) and covered with a metal base plate
for strip-o↵ (4-5.). Removal of the mica layer reveals a topographically flat test
sample providing a distinct material contrast between gold and epoxy (6.).
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While not visible in the topography or the dampening channel (7.10c), the opti-
cal image clearly reveals the epoxy resin in the 3⌦ signal as strong optical contrast,
independent from the topographical features. The location of the epoxide patch
is indicated in the topography image by a blue dashed circle. Here, the THz fea-
ture matches the nominal size of 1 µm given by the polystyrene beads used for the
preparation of the buried epoxy patches. The line-profile (7.10d) emphasizes the
performance of the material imaging of the buried structure. While the exact shape
and condition of the material is not known, its boundaries can be determined with
300 nm resolution, 500 times sharper than the wavelength used for the observation.
In conclusion, imaging of a topography-independent optical material contrast
at 150 µm wavelength with a resolution of at least 300 nm is demonstrated. The
recorded near-field signal thus allows us to identify materials on the nanometer scale.
To allow for more quantitative conclusions on the material properties, a spectroscopic
examination and a separate measurement of phase and amplitude [138,145] instead
of the combined absolute signal of the near-field can be considered.
(a) Topography (b) 3⌦ near-field signal
(c) Dampening (d) Line profile of as marked in (a)
Figure 7.10: Imaging of an epoxy patch buried in a gold matrix. (a) Topo-
graphic image of the scan area. General topography features (dirt excluded) range
between ±10 nm in height. (b) The 3⌦ near-field signal, recorded at   = 150 µm,
reveals the nominal 1 µm diameter epoxy. (c) The dampening channel. (d) Line
profile showing topography and 3⌦ signal of the line marked in (a).
7.3 Conclusion 115
7.3 Conclusion
The presented experimental results obtained with the FEL-based THz-S-SNOM
demonstrate nanometer-scale resolution in the far-infrared THz regime for the first
time.
The universal near-field behavior has been demonstrated via optical signatures
at the 3rd harmonic from 35 µm to 230 µm. Here, the signal behavior confirms a
near-field confinement and resolution of <100 nm independent from wavelength but
rather on the tip size only. The detection limit for the smallest observable metal
structures was determined to be limit by the total size of the objects. The absolute
scattered near-field of structures smaller than 300 nm eventually drops below the
SNR limit. This size limit though, is not equivalent with the achievable resolution
of the technique, as the presented experimental data shows true nanoscopic THz s-
SNOM imaging with no loss of resolution, here 50 nm at 230 µm, referring to  /4600.
Finally, imaging of buried organic matter in a topographically flat sample with a
resolution of at least 300 nm was demonstrated. The recorded near-field signal thus
allows us to identify materials on the nanometer scale.
While the FEL represents a THz source emitting a train of spectrally narrow
THz pulses its high repetition rate of 13 MHz leads to a quasi-CW behavior. There-
fore, the gathered data and conclusions are transferable to THz lasers like quantum
cascade or molecular lasers.

8 Summary
The aim of this work was the expoloration and advancement of s-SNOM be-
yond the mid-infrared towards THz region of the electromagnetic spectrum. This
has been accomplished using two conceptually di↵erent THz sources at individual
s-SNOM setups.
Using a photoconductive emitter as radiation source in combination with electro-
optical detection in a THz-TDS setup, we firstly demonstrated that broadband THz
near-field spectroscopy with tip-diameter resolution is achievable with the same tech-
nique as previously demonstrated in the mid-infrared, by employing scattering in a
non-forward direction and demodulating the THz signal at the second tapping har-
monic to suppress background signals.
This setup has been extended with ASOPS, an advanced version of time-domain
spectroscopy which allows one to exclude any moving parts, enabling the recording
of far-field THz spectra at rates up to 100 Hz. Recording the broadband THz signal
in an integral fashion, it was possible to determine first THz near-field interaction,
by measuring the signals dependence on the tip-sample distance. To counteract
the low average power of the emitter and enhance the signal-to-noise ratio, hand-
fabricated full-metal tungsten probes have been employed to avoid internal damping
of the THz radiation. As an outlook, by engineering the tip’s geometry it should be
possible to exploit antenna resonances, thus enabling even higher signals.
With these metal probes in combination with THz-TDS and harmonic demod-
ulation of the detector signal it was achieved for the first time to obtain spectro-
scopic s-SNOM information over the whole emitter emission range from 0.2 to 2 THz
(150–1500 µm) demonstrated on a gold sample. Furthermore, the capability of com-
parative spectroscopic measurements of the microscope have been tested with s-
SNOM experiments on di↵erently doped silica. Here it has been demonstrated that
the doping-dependent spectral response follows the theoretical prediction according
to the Drude model and the dipole model [6].
Whereas near-field spectra have been successfully recorded with tip diameter
resolution, the weak average power of the employed THz source ultimately prohibits
the recording of actual images, allowing for point spectroscopy only. Although this
severely limits the capabilities of the microscope, this technique can still be applied
in a mode where firstly the topography area of interest is scanned and secondly
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certain objects can be spectroscopically analyzed with tip diameter resolution.
In order to achieve imaging with THz-s-SNOM, a second experimental setup was
realized using a free-electron laser (FEL) as narrow-band high-intensity source, tun-
able from 1.3–10 THz (30–230 µm). Here, the characteristic near-field signatures
have been demonstrated as proof of principle at wavelengths from 35–230 µm cov-
ering the whole spectrum of the FEL. Furthermore, the relation of near-field signal
and tip oscillation has been compared. Combined, it was verified that the evanescent
signal shows the typical near-field confinement and resolution that is independent
from wavelength but rather depends on the tip size only. The near-field of patterned
gold nano-structures (Fischer pattern) with tip radius resolution at wavelengths up
to 230 µm (1.2 THz) have been imaged, corresponding to a resolution to wavelength
ratio of  4600 . Furthermore, it has been observed that the total size of the objects
limit their visibility, as the absolute scattered near-field of structures smaller than
300 nm eventually drops below the SNR. This size limit though, is not equivalent
with the achievable resolution of the technique, as smaller details of larger objects
can be measured. Finally, the realization of material sensitive THz near-field imaging
was confirmed by optically resolving a structured gold rod at a wavelength of 98 µm
(3 THz) with a resolution up to 60 nm, while not only distinguishing the gold from
the silica substrate but moreover identifying parts of the structure to be residual
resin from the fabrication process. Moreover, imaging of a topography-independent
optical material contrast at 150 µm wavelength was accomplished, demonstrating
that the recorded near-field signal allows us to identify distinct materials on the
nanometer scale.
The two individual THz-s-SNOMmethods have shown to possess complementary
aspects: Broadband TDS-based THz-s-SNOM, while in principle allowing for the
parallel recording of the full spectral width for select locations, is severely limited by
acquisition speed. On the other hand, the narrow-band but tunable FEL based THz-
s-SNOM allows full sample imaging with nanoscale resolution at select wavelengths,
but in general is limited by availability of a THz-FEL, being a large-scale facility.
A combination of both methods would allow for imaging of the sample at distinct
FEL wavelengths while THz-TDS SNOM can supplement full spectral analysis of
certain points of interest.
The ability to measure spectroscopic images by THz-s-SNOM, will be of bene-
fit to fundamental research into nanoscale composites, nano-structured conductiv-
ity phenomena and metamaterials, and furthermore will enable applications in the
chemical and electronics industries.
Appendix A THz Conversion
Table
Table A.1: Conversion table for THz regime for the most commonly used units.
Frequency Wavelength Wavenum. Energy Temp. equiv.
f   E T
(THz) (µm) (cm 1) (meV) (K)
60 5 2000 248 2880
50 6 1667 207 2400
40 8 1333 165 1920
35 9 1167 145 1680
30 10 1000 124 1440
25 12 833 103 1200
20 15 667 83 960
15 20 500 62 720
12 25 400 50 576
9 33 300 37 432
6.1 49.1 203.7 25.3 293.1 Room temp.
6 50 200 25 288
5.7 52.6 190 23.5 273.1 Water freezes
5 60 167 21 240
4 75 133 17 192
3 100 100 12 144
2 150 67 8 96
1.7 180 56 7 80
1.6 186 53.7 6.7 77.4 Nitrogen boils
1.5 200 50 6 72
1.4 214 47 6 67
1.3 231 43 5 62
1.2 250 40 5 58
1.1 273 37 5 53
1 300 33 4 48
0.9 333 30 4 43

Appendix B Skin Depth of THz
Radiation in Au
Table B.1: Skin depth in Au calculated according to [141].
frequency (THz) wavelength ( µm) skin depth (nm)
30 10 14
12 25 25
9 33 31
5 60 37
4 75 43
3 100 53
2 150 58
1.67 180 61
1.3 231 66
1 300 75
0.9 333 79

Appendix C THz Adjustment
Subjects of this section are general comments on alignment and handling of
THz radiation. Although basic this is crucial for the successful THz near–field
experiment. The adjustment of the illuminating laser focus to the tip apex of the
scattering probe is of great importance, especially for s-SNOM experiments in the
visible and near infrared. Achieving the correct position and shape of the focus is
one main experimental challenge, as focus dimensions are in the range of few µm
and a shift of the focus of some nm can alter the near–field signal significantly.
For THz adjustment with its distinct properties of low average power, low energy
and long wavelength there are the following additional implications:
• The emitted power is too low for the visualization by thermal foils or sensor
cards as used for example for CO2 infrared or ultraviolet lasers as utility for
super positioning of the alignment laser which is mandatory for optic alignment
of non visible rays. The method of choice then is to trace the optical path
backwards. By illumination of the tip with a visible laser and adjusting the
optical elements such way to project the scattered light from the tip of the
image on the THz emitter.
• Due to the long wavelength, the THz beam distinguishes itself from a idealistic
geometrical ray (e.g. strong di↵raction at borders of optical elements are much
more pronounced). In order to avoid unwanted reflexes on optical paths, metal
surfaces need to be covered by THz absorbing foam pads.
Broadband THz radiation is mainly controlled by parabolic mirrors for focusing,
re-collimation and detection. To avoid aberrations (as Koma) the paraboloid has to
be aligned perfectly parallel to the collimated beam. To facilitate this procedure it
is recommended to equip the parabolic mirror with a flat mirror surface either by
attaching a mirror next to the paraboloid, directly fix the paraboloid on a larger
mirror or create a flat reflecting surface on the parabolic mirror, perpendicular to
the paraboloid( see 3.1). For our system, the typical procedure of mirror alignment
is split into several steps, shown in 3.1.
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Figure 3.1: Alignment method of a parabolic mirror. A visible laser beam (red)
is congruent to the THz radiation (not shown). The parabolic focusing mirror
(grey) is fixed on a standard planar mirror (blue). a) Misaligned situation: The
laser beam illuminates the focusing mirror non orthogonal resulting in a skewed
focus (Koma). b) The introduction of a small aperture defines the origin of the
laser. With a thick surface parallel glass plate inserted between aperture and
mirror the beam is shifted to the planar mirror. Due to teh misalignment, the
returning beam does not overlap with the aperture. c) The mirror assembly can
now be rotated in such way that the back reflex of the laser superimposes on the
aperture. d) The parabolic mirror is perfectly aligned.
Appendix D Optimal THz
Measurement
Conditions
To achieve optimal SNR conditions for near-field measurements the following
parameters are to be considered:
• Tip illumination power. General rule: as much as possible, because of the small
fraction the tip size represents compared to the THz focus size. Upper level:
Beware of (over)saturating the detector. The total signal level output, with the
tip in feedback on the most reflective sample area, should not exceed 90% of the
maximum output (9V). Due to the increased focus size at large wavelengths,
this condition can be reached quickly! This is focus and experiment dependent.
A power of 50 mW has been found to be an optimal amount at gold samples
for wavelengths larger 100 µm.
• FEL noise: The U100 can generally achieve a SNR of the output power below
10% after tuning of the FEL parameters. Optimal values though, are below
5%. To be measured with an optical chopper and
• Beam splitter ratio: 50:50. For wavelengths <90 µm where ample FEL power
is available and the detector sensitivity is poor, this can and should be changed
to 10:90.
• Tip oscillation amplitude. (See section 7.1.2.)
• Depending on the experiment wavelength, the capsuled optical path needs to
be nitrogen purged, to avoid water absorption.
• Larger tip radii are most successful for good SNR. Experimentally, a minimal
tip radius of 50 nm for 230 µm was determined.
• The main limiting factor is the background signal level, provided there is
enough FEL power available, as the detector will saturate. To improve this,
the setup may be altered in a way to reduce the background backscattered ra-
diation, for example by inserting a polarization filter (ppol) before the detector
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according to the polarization of the input light. Further, AFM and sample ge-
ometry should be optimized to reduce rouge scattering which increases the
noise in the detector.
FEL illumination power generally was set in such way that the total radiation
signal at the detector is 10-20% below the saturation level. eg. for a 90 % total load
on the detector
Appendix E Atmospheric H2O
Absorption Lines
At certain frequencies, absorption by spurious water droplets and vapor have a
huge impact. Figure 5.2 depicts the transmission spectrum for 10 m environmental
air. As a consequence the optical setup was sealed under a dry nitrogen cover
increasing the signal strength e.g. by a factor of four at 100 µm.
Figure 5.1: Calculated H2O absorption lines in standard atmosphere with min-
imum intensity of 0.04 cm
 1
cm . (from HITRAN2008 database provided by spectral-
calc.com)
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Appendix F Tungsten Wire Based
Tips
To fabricate these tips, a 65 µm diameter tungsten wire is glued to a Si chip
and then bent by tweezers to form cantilever and tip shaft of desired lengths. To
sharpen the tip, the tungsten is etched electrochemically in 3mol/l NaOH at 3Vdc in
a current controlled process.
The resulting tips were finally characterized in a SEM (see figure 6.1). In the
following some samples of the etching results are depicted, showing some examples
of the arbitrary tip shapes that can result.
(a) variant X (b) variant Y
(c) variant Z (d) variant W
Figure 6.1: Results of tip etching process of 65 µm diameter tungsten wire.
.

Appendix G Cut-O↵ Filter
SEM images of hole array cut-o↵ filter nr.X˙XIX hole dimensions: 192 µm, period
246 µm, thickness 750 µm.
(a)
(b) (c)
Figure 7.1: SEM images of cut-o↵ filter

Appendix H Radiation Filters
(a) Transmission spectrum for the type QMMF low-pass filters used in hot-
electron bolometer (Channel 1).
(b) Transmission spectrum for the type QMMF low-pass filters used in the GeGa
photoconductor (Channel 2).
Figure 8.1: Transmission spectra for the multi-mesh low-pass filters ( type
QMMA by QMC Instruments Ltd.) used in Channel 1 and 2 of the combined
THz detector system. Data from QFI2B2+GeGa manual, QMC Instruments Ltd.
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(a) HDPE transmission in the NIR&MIR region.
(b) HDPE transmission in the THz region.
Figure 8.2: Transmission of 2 mm-thick HDPE samples. THz transmission
does not depend on temperature. That allows using HDPE windows in cryostats.
Temperature coe cient of refractive index is 6.2 ⇤ 10 4K 1 (for the range 8-
120K). Data from Tydex Optics website.
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